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The microbial production of fuels and chemicals has recently received much attention as 
an alternative to the limited fossil fuels.  To become an economically viable option, the 
bioprocess must use non-food plants, called cellulosic biomass.  Such renewable biomass, 
however, contains both hexose and pentose sugars, mainly glucose and xylose, which are not 
efficiently fermented by microbes.  Despite numerous efforts for improving xylose fermentation 
during the last two decades, a method for engineering efficient xylose-fermenting strains has not 
been finalized yet.  In this thesis study, by elucidating fundamental bottlenecks impeding the 
xylose metabolism, I identified and implemented powerful genetic perturbation targets for 
developing an efficient xylose-fermenting Saccharomyces cerevisiae strain.  First, I used a 
genome library screening method to investigate the limiting steps in xylose metabolism by a S. 
cerevisiae strain expressing a heterologous xylose-assimilating pathway consisting of xylose 
reductase (XR), xylitol dehydrogenase (XDH), and xylulose kinase (XK), coded by XYL1, XYL2, 
and XYL3, respectively.  Finding XYL2 as an overexpression target, I optimized the expression 
levels of XYL1/XYL2/XYL3 to maximize the ethanol yield with a minimum xylitol yield.  Later, I 
confirmed that the optimized expression level of the xylose-assimilating pathway resulted 
efficient xylose fermentation regardless of the unbalanced cofactor requirements between XR 
and XDH: NADPH-specific XR (GRE3) was successfully substituted for NAD(P)H-specific XR 
(XYL1) in a S. cerevisiae strain expressing NAD
+
-specific XDH.  Through evolutionary 
engineering of the engineered strain with the optimized xylose-assmilating pathway, deletion of 
PHO13 was found to be a key element in improving the growth rate on xylose.  Lastly, after 
disruption of a major acetaldehyde dehydrogenase (ALD6) to prevent acetate accumulation, the 
iii 
 
final strain was able to ferment xylose efficiently under various conditions including dilute-acid 
hydrolyzates of cellulosic biomass.  Using this engineered S. cerevisiae strain capable of 
fermenting xylose efficiently, we will be able to produce various fuels and chemicals from 
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This chapter contains an excerpt of a review article published by Soo Rin Kim, Suk-Jin Ha, Na 
Wei, Eun Joong Oh, and Yong-Su Jin, 2012. Simultaneous co-fermentation of mixed sugars: a 
promising strategy for producing cellulosic ethanol. Trends in Biotechnology 30(5) p.274-282.  





1.1 General introduction 
Extension of a substrate range of Saccharomyces cerevisiae is a prerequisite to utilize this 
yeast for sustainable and economic bioconversion of cellulosic hydrolyzates into fuels and 
chemicals.  Growth of the current bioethanol production has slowed down due to a high and 
unstable price of corn and sugarcane and an unfavorable contribution to the carbon cycle 
(Searchinger et al., 2008).  Cellulosic biomass such as perennial grasses, crop residues, and 
woods has risen as a solution to overcome the problems of corn- or sugar-based ethanol 
production (Farrell et al., 2006).  The structural differences between plant cell walls and edible 
parts of crops, however, impeded the implementation of the second generation biofuels (Mosier 
et al., 2005).  The cellulosic biomass consists of cellulose, hemicellulose, and lignin. While 
cellulose is composed of glucose as starch is, hemicellulose is broken down into multiple sugars 
such as xylose, arabinose, galactose, mannose, etc (Mosier et al., 2005).  S. cerevisiae does not 
efficiently ferment non-glucose sugars, and even worse, cannot metabolize xylose that is the 
most dominant sugar in hemicellulose (Hahn-Hägerdal et al., 2006).  Therefore, the development 
of S. cerevisiae capable of utilizing xylose is an urgent task of yeast metabolic engineering for 
producing cellulosic biofuels and chemicals.  In this chapter, I will discuss various metabolic 
engineering strategies of S. cerevisiae for 1) the optimization of a heterologous xylose-
assimilating pathway, 2) the metabolic reconfiguration of the native pathways for efficient 
xylose fermentation, and 3) the simultaneous cofermentation of mixed sugars derived from 




1.2 Engineering of xylose-assimilating S. cerevisiae 
Two heterologous xylose-assimilating pathways are currently being used to engineer 
xylose-fermenting S. cerevisiae (Fig. 1.1): xylose isomerase (XI) (Brat et al., 2009; Ha et al., 
2011; Karhumaa et al., 2007b; Kuyper et al., 2005a; Madhavan et al., 2009; Walfridsson et al., 
1996) and xylose reductase/xylitol dehydrogenase (XR/XDH) (Ho et al., 1998; Jin et al., 2000; 
Kötter et al., 1990; Tantirungkij et al., 1993; Toivari et al., 2001; Walfridsson et al., 1995).  Both 
the pathways require overexpression of xylulokinase (XK) which connects xylulose to the 
pentose phosphate pathway of native S. cerevisiae (Jin et al., 2005; Johansson et al., 2001; 
Toivari et al., 2001; Wahlbom et al., 2003a).  Due to different biochemical properties and 
different origins of the pathways, there are various considerations for expressing them efficiently 
in S. cerevisiae. Studies for the optimization of the pathways are still ongoing: therefore, it is 
difficult to determine yet which pathway is better for engineering S. cerevisiae. Here I discuss 







Fig. 1.1  Two xylose-assimilating pathways (top) and the comparison of glucose and xylose 
fermentations (bottom).  There are two types of heterologous xylose-assimilating pathways: 
xylose isomerase (XI) and xylose reductase/xylitol dehydrogenase (XR/XDH) (the blue letters in 
parentheses represent the genes coding for the respective enzymes).  Both the pathways require 
the overexpression of native xylulokinase (XKS1) or the introduction of heterologous 
xylulokinase (XYL3), which connects the xylose-assimilating pathway to the pentose phosphate 
pathway followed by glycolysis and ethanol production.  Xylose fermentation is inferior to 
glucose fermentation due to a low ATP yield (Gao et al., 2002) and unbalanced cofactor 




1.2.1 Expression of xylose isomerase genes in S. cerevisiae 
Xylose isomerase genes identified from bacteria such as Thermus thermophiles 
(Walfridsson et al., 1996), Clostridium phytofermentans (Brat et al., 2009), and Bacteroides 
stercoris (Ha et al., 2011) or anaerobic fungi such as Piromyces sp. E2 (Karhumaa et al., 2007b; 
Kuyper et al., 2005a) and Orpinomyces sp. (Madhavan et al., 2009) have been functionally 
expressed in S. cerevisiae for the last two decades. Although many bacterial xylose isomerase 
genes were identified, their functional expression in S. cerevisiae was not successful (Amore et 
al., 1989; Moes et al., 1996; Sarthy et al., 1987). Screening for a novel xylose isomerase was 
performed recently using E. coli expressing a soil metagenomic library (Parachin and Gorwa-
Grauslund, 2011). S. cerevisiae strains expressing newly isolated xylose isomerase genes (xym1 
and xym2), however, exhibited only 25% of the growth rate of a strain expressing Piromyces 
XylA.  For the successful expression of bacterial xylose isomerase genes in S. cerevisiae, the 
search has to be done directly in S. cerevisiae, or gene synthesis for optimizing their codon usage 
might be required. 
Codon optimization is performed by changing the original codons of the heterologous 
genes to those of highly expressed genes in S. cerevisiae, like glycolytic enzymes, through a 
commercial service for gene synthesis.  Expressions of prokaryotic genes in S. cerevisiae often 
require their codon-optimization to achieve desired phenotypes (Wiedemann and Boles, 2008).  
Recently, the strain expressing the codon-optimized XI gene from C. phytofermentans showed a 
46% improved specific growth rate on xylose in comparison to the strain expressing the native 
gene (Brat et al., 2009).  More studies will test codon-optimized xylose isomerase genes by 





1.2.2 Expression of xylose reductase and xylitol dehydrogenase genes in S. cerevisiae 
For the heterologous expression of the XR/XDH pathway in S. cerevisiae, a lot of studies 
focused on the XYL1/XYL2 genes derived from Sch. stipitis (Ho et al., 1998; Kötter et al., 1990; 
Tantirungkij et al., 1993; Toivari et al., 2001; Walfridsson et al., 1995).  Although the XR/XDH 
pathway had two intrinsic defects, xylitol secretion and unbalanced cofactor requirements, its 
thermodynamic advantage compared to the XI pathway yielded faster xylose assimilation and 
ethanol production (Karhumaa et al., 2007b).  For the optimization of the XR/XDH pathway, 
protein engineering attempted to modify cofactor specificity of XR and XDH (Bengtsson et al., 
2009; Jeppsson et al., 2006; Khoury et al., 2009; Kostrzynska et al., 1998; Lee et al., 2011; 
Matsushika et al., 2008; Metzger and Hollenberg, 1995; Petschacher et al., 2005; Runquist et al., 
2010a; Watanabe et al., 2007a; Watanabe et al., 2005; Watanabe et al., 2007b).  The expression 
levels of the XYL1/XYL2/XYL3 genes also played an important role (Eliasson et al., 2001; 
Jeppsson et al., 2003; Jin and Jeffries, 2003; Karhumaa et al., 2007a; Matsushika and Sawayama, 
2008; Matsushika and Sawayama, 2011; Parachin et al., 2011; Walfridsson et al., 1997).  The 
details about the protein engineering and the expression level optimization of the XR/XDH 
pathway are described below. 
 
1.2.2.1 Cofactor specificity of xylose reductase and xylitol dehydrogenase 
The dual cofactor preference of NAD(P)H-specific XR (XYL1) brought up two issues 
when it was coexpressed with NAD
+
-specific XDH (XYL2): lack of NAD
+
 and demand for 
NADPH regeneration.  It was speculated that the cofactor imbalance problem was responsible 
for defects in xylose fermentation, primarily for xylitol accumulation (Krahulec et al., 2012).  




Hollenberg, 1995; Petschacher et al., 2005; Watanabe et al., 2005) and computational redesign of 
proteins (Khoury et al., 2009) successfully altered the cofactor preference of XR or XDH to 
balance their requirements.  Many studies demonstrated that expressions of an NADH-preferring 
mutant XR (K270M, K270R, K270R/N272D, N272D/P275Q, R276H) with the wild type XDH 
improved ethanol yield and productivity while decreasing xylitol yield (Bengtsson et al., 2009; 
Jeppsson et al., 2006; Lee et al., 2011; Runquist et al., 2010a; Watanabe et al., 2007a).  
Engineered S. cerevisiae strains expressing the wild type XYL1 and a mutant NADP
+
-specific 
XYL2 (D207A/I208R/F209S/N211R) also showed reduced xylitol and improved ethanol yields 
while metabolizing xylose 32% faster than a strain expressing the wild types of XR and XDH 
(Matsushika et al., 2008; Watanabe et al., 2007b).  The XR/XDH enzymes of other organisms 
also had the same redox imbalance issue.  Meanwhile, a mutant XR from Candida tenuis 
(K274R/N276D) preferring NADH showed an improved ethanol yield and reduced byproduct 
yields when expressed in S. cerevisiae with XDH from Galactocandida mastotermitis (Krahulec 
et al., 2010; Petschacher and Nidetzky, 2008).  Although the beneficial effects of the cofactor 
match on xylitol and ethanol yields of the engineered S. cerevisiae were found in various studies, 
we still do not understand how Sch. stipitis metabolizes xylose efficiently with the native 
XR/XDH enzymes possessing the different cofactor requirements (Gutiérrez-Rivera et al., 2012; 
Rouhollah et al., 2007; Wahlbom et al., 2003b).  This may suggest that 1) cofactor imbalance is 
not the major factor hindering xylose fermentation or 2) there is another mechanism that 





1.2.2.2 Expression levels of xylose reductase/xylitol dehydrogenase (XYL1/XYL2) genes 
There were several studies which demonstrated reduced xylitol yields by changing 
expression levels of the XYL1 and XYL2 genes (Eliasson et al., 2001; Jeppsson et al., 2003; Jin 
and Jeffries, 2003; Karhumaa et al., 2007a; Matsushika and Sawayama, 2008; Walfridsson et al., 
1997).  However, they reached different conclusions.  A kinetic model simulated that a higher 
ratio of the XDH/XR activities (≥10) would minimize xylitol yield and the prediction 
corresponded to the experimental results: a strain with an XR:XDH ratio of 1:15 produced 50% 
less xylitol (0.1 g/g xylose) than a strain with an XR:XDH ratio of 1:0.14, while the former strain 
produced 63% more ethanol at a similar xylose consumption rate (approximately 0.4 g/l/h) 
(Eliasson et al., 2001).  Another study reported a similar result that a strain with an XR:XDH 
ratio of 1:17 consumed 3.25 g/l xylose and did not accumulated xylitol, while a strain with an 
XR:XDH ratio of 1:0.2 consumed 2.0 g/l xylose and accumulated xylitol at an yield of 0.58 (g/g 
xylose) during 50 hours of fermentation (Walfridsson et al., 1997).  When the XR activity of two 
strains was identical, a strain with an XR:XDH ratio of 1:1.75 produced 1.5 g/l xylitol while a 
strain with an XR:XDH ratio of 1:0.14 produced 3 g/l from approximately 20 g/l xylose during 
180 hours of fermentations (Jin and Jeffries, 2003).  These three reports strong suggested that 
relatively high activity of XDH compared to XR decreased the xylitol yield. 
In two other studies, however, high expression level of XYL1 decreased the xylitol yield 
(Jeppsson et al., 2006; Jeppsson et al., 2003; Karhumaa et al., 2007a).  A S. cerevisiae strain 
expressing the XR/XDH/XK pathway showed the decreased xylitol accumulation by 55% (from 
0.29 to 0.13 g/g xylose) when an extra copy of XYL1 was introduced (Jeppsson et al., 2006; 




at an yield of 0.59 g/g xylose but another strain with an XR:XDH ratio of 1:0.625 accumulated 
19% less xylitol (Karhumaa et al., 2007a). 
Meanwhile, some studies reported that the XK activity also determine the xylitol yield 
(Karhumaa et al., 2007a; Matsushika and Sawayama, 2011; Parachin et al., 2011).  A study that 
tested various strains expressing different levels of XR and XK concluded that a high expression 
of XR and a moderate expression of XK yielded the highest ethanol yield and the lowest xylitol 
yield.  On the other hand, two recent studies suggested that high expression of a XK gene was 
the most important factor in the reduction of xylitol yield.   
To sum up, the optimized expression levels of the XR/XDH pathway for minimal xylitol 
accumulation has not been determined yet.  Both of the absolute and relative activities of the 
XR/XDH enzymes might determine the xylitol and ethanol yields.  As one study pointed out, 
xylose fermentation conditions such as glucose addition might also determine the xylitol yield of 
a strain expressing the XR/XDH pathway (Karhumaa et al., 2007a).  A comprehensive analysis 
for the optimized expression of the XR/XDH genes under various genetic and environmental 
conditions is required. 
 
1.2.3 Expression level of a xylulokinase gene (XKS1 or XYL3) 
The overexpression of endogenous XK gene (XKS1) or the introduction of heterologous 
XK gene (XYL3 from Sch. stipitis) is required to facilitate xylose metabolism through the pentose 
phosphate pathway (Eliasson et al., 2001; Jin et al., 2005; Johansson et al., 2001; Matsushika and 
Sawayama, 2011; Parachin et al., 2011; Toivari et al., 2001; Träff-Bjerre et al., 2001; Wahlbom 
et al., 2003a).  However, some studies suggested that too strong expression of the XK genes 




1998) or reduction in a xylose consumption rate (Johansson et al., 2001).  In a strain 
overexpressing XYL1 and XYL2, a moderate expression of XKS1 yielded the least xylitol 
accumulation and the highest ethanol production (Matsushika and Sawayama, 2008).  The 
detrimental effect of the XK gene overexpression might be explained by “substrate-accelerated 
death” as described previously (Teusink et al., 1998).  Glycolysis has a regulatory mechanism to 
prevent too fast hexokinase activity for the later glycolysis, which produces ATP.  Because the 
heterologous xylose-assimilating pathway would not have an elaborate regulatory system, 
overexpression of the XK gene could exceed the rate of the later ATP-producing reaction, 





1.3 Metabolic reconfiguration of the native metabolic pathways of S. cerevisiae for 
efficient xylose fermentation 
 Internal limitations of engineered S. cerevisiae in metabolizing xylose have been 
identified regardless of a type of xylose-assimilating pathways (Kötter and Ciriacy, 1993) as 
summarized in Fig. 1.2.  Numerous rational and reverse metabolic engineering approaches have 
been attempted to reconfigure the native metabolism of S. cerevisiae strains expressing a 
heterolgous xylose-assimilating pathway.  First, studies have been carried out on characterizing 
xylose transport by engineered S. cerevisiae (Hamacher et al., 2002) and introducing 
heterologous sugar transporters such as SUT1/2 from S. stipitis (Du et al., 2010; Hector et al., 
2008; Katahira et al., 2008; Runquist et al., 2009; Saloheimo et al., 2007).  Second, selected or 
entire genes coding for enzymes in the pentose phosphate pathway have been perturbed as 
knockout or overexpression targets to improve the rate of xylose fermentation by engineered S. 
cerevisiae (Jin et al., 2005; Johansson and Hahn-Hägerdal, 2002a; Karhumaa et al., 2005; Lu and 
Jeffries, 2007; Meinander et al., 1999; Sonderegger et al., 2004; Wahlbom et al., 2003a; 
Walfridsson et al., 1995).  Third, random mutagenesis (Liu and Hu, 2011; Ni et al., 2007; 
Thanvanthri Gururajan et al., 2007b; Wahlbom et al., 2003b) and laboratory evolution (Garcia 
Sanchez et al., 2010; Kuyper et al., 2005b; Liu and Hu, 2011; Peng et al., 2012; Sonderegger and 
Sauer, 2003; Wouter Wisselink et al., 2009) have also been exploited to improve xylose-









Fig. 1.2  Major limitations in xylose metabolism by engineered S. cerevisiae expressing a 




1.3.1 Quest for novel xylose transporters 
Engineered S. cerevisiae capable of fermenting xylose expresses heterologous genes for 
assimilating xylose.  These genes may not be subject to the regulatory mechanisms of the host S. 
cerevisiae.  Therefore it has been hypothesized that glucose repression of xylose metabolism is 
simply due to the inhibition of xylose uptake into the cell.  In fact, S. cerevisiae lacks xylose-
specific transporters, and instead native hexose transporters such as GAL2 and HXT7, are 
responsible for xylose transport into xylose-fermenting S. cerevisiae (Hamacher et al., 2002; 
Saloheimo et al., 2007; Sedlak and Ho, 2004; Young et al., 2011).  Although xylose fermentation 
is mainly limited by the xylose metabolic rate, not by the xylose uptake rate (Gárdonyi et al., 
2003; Hamacher et al., 2002), such non-specific transportation of xylose causes two concerns 
from the industrial applications perspective.  First, xylose cannot be metabolized until the 
glucose is depleted, not only because of glucose repression of the xylose uptake, but also because 
of the high affinity of the hexose transporters to glucose (Ho et al., 1998; Roca et al., 2004; 
Runquist et al., 2010b).  More specifically, in the competition between glucose and xylose for 
transport, hexose transporters preferentially take up glucose because their substrate affinity, 
determined by a 1/Km value, is about 100 times higher for glucose than xylose (Kotyk, 1967).  
Second, the xylose fermentation rate gradually slows as the xylose is utilized because of the 
decrease in concentration gradient between the extracellular and intracellular xylose, which is the 
main driver for non-specific xylose transport (Ho et al., 1998; Jojima et al., 2010).  Therefore, 
heterologous expression of xylose-specific transporters in S. cerevisiae has been extensively 
studied. 
To date about 30 heterologous sugar transporters from 9 different organisms have been 




functional complementation study (Leandro et al., 2006; Saloheimo et al., 2007; Weierstall et al., 
1999) and/or a bioinformatics search based on sequence similarity to known xylose transporters 
(Du et al., 2010; Young et al., 2011).  Identified putative xylose transporters were evaluated for 
their kinetic properties, and categorized as either glucose/xylose facilitators with high transport 
efficiency or xylose-H
+
 symporters with high xylose specificity.  The phenotypic changes from 
the heterologous expression of these putative xylose transporters in S. cerevisiae are summarized 
in Table 1.1.   
The complementation study was mostly done in S. cerevisiae hexose transporter null 
mutants (denoted here as Δhxt) such as EBY.VW4000, which was developed by Eckhard Boles 
and his colleagues (Wieczorke et al., 1999).  EBY.VW4000 has 22 hexose transporter genes 
deleted from its genome (Δhxt1-17, Δgal2, Δstl1, Δagt1, Δmph2, and Δmph3), which results in no 
growth on any sugars except for maltose (Wieczorke et al., 1999).  The Δhxt mutant was 
transformed with the Candida intermedia genomic library in order to screen its putative xylose 
transporters that complement the Δhxt phenotype (Leandro et al., 2006).  They identified GXF1, 
a glucose/xylose facilitator, and GXS1, a glucose/xylose proton symporter.  It was subsequently 
confirmed that heterologous expression in S. cerevisiae of the GXF1 and GXS1 genes improved 
xylose utilization (Runquist et al., 2009; Runquist et al., 2010b; Tanino et al., 2012; Young et al., 
2011). 
On the other hand, two recent studies sought new xylose transporters by a BLAST (Basic 
Local Alignment Search Tool) search for genes that have a high sequence similarity to the GXS1 
glucose/xylose symporter of C. intermedia (Du et al., 2010; Young et al., 2011).  18 putative 
pentose transporters were identified from N. crassa and S. stipitis, which normally grow on 




were determined as having xylose-specific transporting activity, and their overexpression led to 
proper localization on the membrane of S. cerevisiae.  GXF1, and XUT3 from S. stipitis, and 
XylHP from Debaryomyces hansenii were also reported as having the highest preferences for 
xylose among the 26 known and putative sugar transporters identified (Young et al., 2011).  
In recent studies, new approaches for improving xylose transport of engineered S. 
cerevisiae were demonstrated. Overexpression of endogenous hexose transporter, HXT1, 
improved xylose uptake rate and ethanol productivity of engineered strain expressing XI (Tanino 
et al., 2012). Directed evolution of heterologous xylose transporters was performed to improve 
their kinetic properties. The expression of evolved GXS1 and XUT3 exhibiting improved Vmax 
increased xylose consumption rate of engineered S. cerevisiae (Young et al., 2012). 
Although endogenous/heterologous expression of putative xylose transporters improved 
xylose fermentation in some studies, none of the transporters enabled co-utilization of glucose 
and xylose, or dramatically improved xylose fermentation.  The expression of the transporters 
might have been unsuccessful because of improper localization or folding (Saloheimo et al., 
2007).  It is also possible that a mechanism such as a sugar signaling pathway conserved in other 
organisms might play an important role in the constitutive expression of heterologous sugar 
transporters (Leandro et al., 2008).  In future studies, mining for new xylose transporters needs to 






Table 1.1  Heterologous sugar transporters expressed in engineered S. cerevisiae capable of 
metabolizing xylose 





GXF1 gre3, XKS1, TAL1, TKL1, 
RKI1, RPE1, XYL1, XYL2 
X(4) 40% higher biomass after 5 
days 
(Runquist et al., 
2009; Runquist et 
al., 2010b) 
hxtΔ, XYL1, XYL2 X(20, 5) Better growth in low xylose, 
glucose-preferred  
 (Young et al., 2011) 
GXS1 hxtΔ, XYL1, XYL2 X(20, 5) Better growth in low xylose  (Young et al., 2011) 
Scheffersomyces 
stipitis 
SUT1 XYL1, XYL2, XKS1 X(50) 
G(50) 
G(50)X(50) 
10-40% faster sugar 
consumption, ~10% higher 
ethanol yield  
(Katahira et al., 
2008) 
gre3, XKS1, TAL1, TKL1, 
RKI1, RPE1, XYL1, XYL2 
X(4) Marginal increase in growth 
rate  
(Runquist et al., 
2010b) 
 
XUT1 hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 
Growth in high xylose only, 
galactose-preferred  
(Young et al., 2011) 
XUT3 hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 
Better growth in low xylose, 
galactose-preferred  
(Young et al., 2011) 
XUT2 
XUT4-7 
hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 
NG  (Young et al., 2011) 
Arabidopsis 
thaliana 
At5g17010 XYL1, XYL2, XKS1 G(20)X(50) 20% faster sugar 
consumption rate  
(Hector et al., 2008) 
hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 
NG (Young et al., 2011) (Young et al., 2011) 
At5g59250 XYL1, XYL2, XKS1 G(20)X(50) 90% faster sugar 
consumption rate 
(Hector et al., 2008) 
gre3, XKS1, TAL1, TKL1, 
RKI1, RPE1, XYL1, XYL2 
X(4) No improvement  (Runquist et al., 
2010b) 
hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 
NG (Young et al., 2011) 
Stp2, Stp3 
At5g59250 




TrXlt1 hxt1-7, gal2, XYL1, XYL2, 
XKS1 
X(20)M(0.3) Growth after 2 weeks, 
shorter lag after adaptation  
(Saloheimo et al., 
2007) 




CNBC3990 hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 
NG  (Young et al., 2011) 
Debaryomyces 
hansenii 
DEHA0D02167 hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 
Growth in glucose only (Young et al., 2011) 
XylHP hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 




hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 
NG  (Young et al., 2011) 
Escherichia coli xylE hxtΔ, XYL1, XYL2, XKS1 X(20) NG  (Hamacher et al., 
2002) 
hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 
NG  (Young et al., 2011) 
Yarrowia  
lipolytica 
ALI0C06424 hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 





hxtΔ, XYL1, XYL2 G(20) 
X(20, 5) 
NG  (Young et al., 2011) 




1.3.2 Optimization of the pentose phosphate pathway and other metabolisms 
According to the intracellular metabolite analysis, sedoheptulose-7-phosphate was 
accumulated while fructose-1,6-bisphosphate was not by an engineered S. cerevisiae strain 
expressing XYL1/XYL2 during xylose metabolism (Kötter and Ciriacy, 1993).  This finding 
suggested that the heterologous xylose-assimilating pathway consisting of XR/XDH/XK was not 
limiting, but the following non-oxidative pentose phosphate pathway (Fig. 1.3) was.  Although 
the overexpression of transketolase (TKL1), the second enzyme of the pentose phosphate 
pathway, was quite debated, the overexpression of transaldolase (TAL1), the third enzyme 
improved the rate of xylose assimilation by strains expressing XYL1/XYL2 (Lee et al., 2011; 
Matsushika et al., 2012; Walfridsson et al., 1995).  In addition, the simultaneous overexpression 
of all of the enzymes in the non-oxidative pentose phosphate pathway (XKS1, RKI1, RPE1, 
TKL1, TAL1) showed improved growth on xylose by strains expressing an XI gene (Karhumaa et 
al., 2005; Kuyper et al., 2005a).  In contrast, a strain expressing XYL1/XYL2 and overexpressing 
XKS1 did not show any changes after overexpression of RKI1 (ribose 5-phosphate ketol 
isomerase), RPE1 (ribulose 5-phosphate epimerase), TKL1, and TAL1 (Johansson and Hahn-
Hägerdal, 2002b). 
Since the oxidative pentose phosphate pathway (Fig. 1.3) was known as a main source of 
NADPH regeneration, some studies attempted to decrease the activity of the pathway, which 
would facilitate the NADH-dependent XR reaction as well as low CO2 production.  By deleting 
ZWF1 (glucose-6-phosphate dehydrogenase) and/or GND1 (6-phosphogluconate dehydrogenase), 
strains expressing XYL1/XYL2 had a higher ethanol yield as expected. The xylose fermentation 
rate decreased, possibly because of less of a NADPH-mediated XR reaction than their 




solution to the problem, the overexpression of fungal NADP
+
-dependent glyceraldehyde-3-
phosphate dehydrogenase (GDP1) improved both the ethanol yield and the productivity of the 
strain with the deletion of ZWF1 (Verho et al., 2003). 
Alternatively, other pathways and genes were manipulated to improve xylose metabolism.  
Modification of the cellular redox balance by the deletion of GDH1 (NADPH-dependent 
glutamate dehydrogenase) and the overexpression of GDH2 (NADH-dependent glutamate 
dehydrogenase) in the ammonia assimilation pathway decreased the xylitol yield and increased 
the ethanol yield when fermenting a mixture of glucose and xylose by engineered S. cerevisiae 
(Roca et al., 2003).  The overexpression of water-forming NADH oxidase (noxE) from 
Lactococcus lactis reduced the xylitol accumulation during xylose fermentation by engineered S. 
cerevisiae (Zhang et al., 2012).  Lastly, the deletion of ALD6 (NADP
+
-dependent aldehyde 
dehydrogenase) in the acetate biosynthesis pathway improved xylose fermentation in many 







Fig. 1.3  Genes coding for the oxidative (red) and non-oxidative (green) pentose phosphate 
pathway enzymes.  Heterologous xylose-assimilating pathway is marked in blue.  Metabolic 




1.3.3 Discovery of unknown genetic perturbation targets improving xylose metabolism 
Concurrently with the above rational metabolic engineering approaches, various reverse 
metabolic engineering strategies were explored to improve the xylose-fermenting capability of 
engineered S. cerevisiae.   
Among various traditional metabolic engineering approaches, adaptive evolution has a 
long history in industrial yeast processes such as wine and beer making for avoiding any genetic 
modification (Cadièrea et al., 2011; Kutyna et al., 2010; Kutyna et al., 2012; Nakao et al., 2009; 
Perez-Ortin et al., 2002; Piskur et al., 2006; Querol and Bond, 2009; Querol et al., 2003; Sicard 
and Legras, 2011). Owing to the development of a multiplex genome sequencing technique, 
adaptive evolution has become popular these days for identifying unknown gene targets as well 
as improving strain phenotypes as desired.  Although genome sequencing has not yet been used 
in studies on xylose fermentation, many studies have used adaptive evolution to overcome 
inefficient xylose metabolism of engineered S. cerevisiae strains (Garcia Sanchez et al., 2010; 
Kuyper et al., 2005b; Liu and Hu, 2011; Peng et al., 2012; Sonderegger and Sauer, 2003; Wouter 
Wisselink et al., 2009).  Random mutagenesis with ethyl methane sulfonate (Liu and Hu, 2011; 
Thanvanthri Gururajan et al., 2007b; Wahlbom et al., 2003b) successfully induced mutations of a 
strain expressing XR/XDH/XK with significantly improved growth on xylose.  Genome 
shuffling, another type of random approach, was recently applied for developing an improved 
strain exhibiting a higher ethanol yield from xylose (Jingping et al., 2012).  The improvement of 
the phenotypes of engineered S. cerevisiae by these random approaches suggested that there 
might be unknown mechanisms regulating its xylose metabolism. 
A genome-wide analysis through genetic array, transcriptomics, proteomics, and 




metabolism (Bergdahl et al., 2012; Jin et al., 2004; Salusjarvi et al., 2006; Salusjarvi et al., 2003; 
Wahlbom et al., 2003a) and to identify genetic perturbation targets for its improvement in 
engineered S. cerevisiae.  From a recent genetic array analysis, ALP1 (arginine transporter), ISC1 
(inositol phosphosphingolipid phospholipase C), RPL20B (protein component of the large 60S 
ribosomal subunit), and BUD21 (component of small ribosomal subunit processosome) were 
found as deletion targets that improved the xylose metabolism of a strain expressing Piromyces 
xylA and overexpressing XKS1 (Usher et al., 2011).  By comparing the genome-wide transcripts 
of a xylose-utilizing S. cerevisiae strain and its mutant which showed improved xylose-
fermenting capability, XKS1, SOL3 (6-phosphogluconolactonase), GND1 (6-phosphogluconate 
dehydrogenase), TAL1, TKL1, YCR020C, YBR083W, and YPR199C were found as 
overexpression or deletion targets (Wahlbom et al., 2003a).  However, the overexpression or 
deletion of YCR020C in the xylose-utilizing strain did not affect its xylose-fermenting capability.  
In a similar study, the global transcript analysis of the good and bad groups of xylose-
assimilating S. cerevisiae strains were found two overexpression targets, SOL3 and TAL1, and 
three deletion targets, YLR042C, MNI1 (methyltransferase), and RPA49 (RNA polymerase) 
(Bengtsson et al., 2008).  In a later study, the beneficial effect of YLR042C deletion on xylose 
fermentation was confirmed (Parachin et al., 2010).   
Meanwhile, genome library screening and transposon mutagenesis provided more gene 
targets the overexpression or disruption of which was responsible for improved xylose 
fermentation by engineered S. cerevisiae.  A genome overexpression library of Sch. stipitis was 
screened by engineered S. cerevisiae expressing XYL1/XYL2, and the XYL3 and TAL1 genes were 
identified as overexpression targets for improving the xylose assimilation rate (Jin et al., 2005).  




increased expression of TAL1, were found through transposon mutagenesis as knockout targets 
for improving the growth of engineered S. cerevisiae on xylose (Ni et al., 2007).  A follow-up 
study confirmed that the deletion of PHO13 in an engineered strain expressing XYL1/XYL2/XYL3 
improved both growth and ethanol productivity on xylose (Van Vleet et al., 2008). The 
elucidation of the regulatory mechanisms of YLR042C and PHO13 in xylose metabolism is 
needed. 
 
1.3.4 Effects of strain backgrounds 
Industrially adapted and isolated strains of S. cerevisiae, so called industrial strains, were 
often compared to laboratory strains for their sugar utilization efficiency (Hector et al., 2011; 
Karhumaa et al., 2006; Matsushika et al., 2009) and stress tolerance (Garay-Arroyo et al., 2004; 
Geng et al., 2010).  One study compared xylose-fermenting capabilities of two lab and three 
industrial strains of S. cerevisiae expressing the the same xylose-assimilating pathway consisting 
of XR/XDH/XK genes (Matsushika et al., 2009).  All of the industrial strains had faster xylose 
consumption rates and higher ethanol productivities than other laboratory strains.  In another 
study, however, one engineered laboratory strain expressing the XYL1, XYL2, and XKS1 genes 
had an average of xylose consumption rate compared to 6 industrial strains expressing the same 
genes when fermenting 50 g/l of xylose (Hector et al., 2011).  Therefore, not only the source but 
also the individual backgrounds of S. cerevisiae strains could affect its xylose-fermenting 





1.4 Simultaneous co-fermentation of mixed sugars derived from cellulosic biomass 
Cellulosic biomass hydrolyzates contain glucose and xylose as major sugars. When a 
mixture of glucose and xylose is provided, most microorganisms (including engineered S. 
cerevisiae) cannot metabolize xylose until glucose is depleted.  This is because of “glucose 
repression” which prevents uptake and/or catabolism of non-glucose sugars when glucose is 
present (Trumbly, 1992).  The preferential usage of glucose over xylose causes a sequential 
fermentation of the mixed sugars (Fig. 1.4a), resulting in 1) a reduced rate of the overall 
bioconversion process and 2) unsuccessful bioconversion of xylose under stressful conditions 
(Fig. 1.4c).  The stressful conditions include fermentation inhibitors present in cellulosic biomass 
hydrolyzates and/or toxic products accumulated during glucose fermentation.  Since xylose 
metabolism yields less energy than glucose metabolism, cellular activities might not be sustained 
using xylose as a sole carbon source.  Therefore, numerous approaches to enable simultaneous 
cofermentation of the mixed sugars (Fig. 1.4b and d) have been proposed.  This section focuses 






Fig. 1.4  Simultaneous cofermentation of glucose and xylose gives various advantages for the 
production of biofuels and chemicals from cellulosic biomass. 
 
1.4.1 Glucose repression mechanism 
Glucose repression in S. cerevisiae is accomplished by a combination of glucose-sensing 
and glucose-signaling pathways (Gancedo, 1998; Rolland et al., 2002; Santangelo, 2006; 
Verstrepen et al., 2004). At least three mechanisms of glucose repression have been reported. 
First, the main mechanism involves glucose phosphorylation, mainly by hexokinase (Hxk2), and 
subsequently generated signals, which results in transcriptional repression of the genes related to 
respiration and assimilation of non-glucose sugars (Gancedo, 1998; Rolland et al., 2002; 
Santangelo, 2006; Verstrepen et al., 2004).  Second, the glucose phosphorylation signal is linked 
to the Ras/PKA signaling pathway, resulting in the transcriptional repression of STRE (stress 




al., 2011; Verstrepen et al., 2004). Finally, two glucose sensors (Snf3 and Rgt2) are known to 
trigger tailored metabolic regulations in response to glucose (Rolland et al., 2002).  The details 
are well described in several reviews (Gancedo, 1998; Rolland et al., 2002; Santangelo, 2006; 
Verstrepen et al., 2004) and the key enzymes are summarized below (Fig. 1.5): 
Glucose is transported by hexose transporters (Hxt), and subsequently phosphorylated by 
hexokinases (Hxk1, Hxk2) and glucokinase (Glk).  The phosphorylation signal is responsible for 
both activating the type I protein phosphatase (PP1; Glc7, Reg1, Reg2) and repressing the AMP-
activated Snf1 kinase complex (Snf1, Snf4, Sip1, Sip2, Gal83), which finally results in the 
repression of respiration and other sugar uptake by transcriptional repressors (Mig1, Mig2, Tup1, 
Ssn6).  Glucose signals received by two different glucose sensors, Snf3 and Rgt2, induce tailored 
regulation of hexose transporters by Grr1 (the SCF ubiquitin-ligase complex) and Rgt1 
(transcriptional regulator), which assists the prior repression pathway.  Lastly, the G-protein-
coupled receptor (GPCR) system (Gpr1, Gpa2) also recognizes glucose and activates adenylate 
cyclase (Cyr1).  The production of cyclic AMP (cAMP) by Cyr1 requires the signal from glucose 
phosphorylation and the presence of various associated proteins such as Ras1, Ras2, and Cdc25.  
cAMP dissociates the cAMP-dependent protein kinase (PKA) complex from Bcy1, which leads 
to both the repression of STRE-controlled genes and the activation of growth and glycolysis. 
 
1.4.2 Engineering of glucose-derepressed mutants 
It has been hypothesized that disruption of the genes involved in these glucose repression 
pathways might derepress the uptake and/or metabolism of non-glucose sugars in the presence of 
glucose and result in simultaneous co-consumption of mixed sugars.  Several studies attempted 




signaling pathway.  While metabolic flux analysis did not precisely predict the outcomes 
(Raghevendran et al., 2004), it was experimentally proved that both the HXK2 and MIG1 
deletions altered sugar preference and metabolic patterns of S. cerevisiae.  The ΔHXK2 mutant 
co-consumed galactose, sucrose or ethanol and glucose (Raamsdonk et al., 2001), and the 
ΔMIG1 or the ΔMIG1/2 double mutants co-consumed glucose and sucrose (Klein et al., 1999). 
However, the simultaneous consumption of mixed sugars by ΔHXK2 and ΔMIG1 came at a cost: 
both the mutants had severe defects in glucose metabolism with extended lag periods and 
reduced glucose uptake rates, which delayed the overall fermentation of mixed sugars (Klein et 
al., 1999; Raamsdonk et al., 2001).  Moreover, the beneficial effects of a disrupted glucose 
repression pathway on xylose utilization were marginal.  The ΔMIG1 and the ΔMIG1/2 mutants 
improved xylose fermentation only when the residual glucose was maintained at a low level by 
carbon or nitrogen-limited continuous fermentation (Roca et al., 2004; Thanvanthri Gururajan et 
al., 2007a).  This suggested either ΔMIG1 or ΔMIG1/2 did not completely alleviate glucose 
repression on xylose. 
Meanwhile, engineering of the Ras/PKA signaling pathway provided benefits for non-
glucose sugar metabolism and stress resistance, although it caused neither drastic phenotypic 
changes nor co-fermentation of mixed sugars, unlike ΔHXK2 and ΔMIG1.  A recent evolutionary 
engineering study showed that the strains evolved on galactose exhibited improved galactose 
utilization because of spontaneous mutations on Cyr1 (adenylate cyclase) and Ras2 (GTP-
binding protein), which are responsible for delivering glucose signal to the PKA complex (Hong 
et al., 2011).  The reduced signal through the Ras/PKA pathway resulted in the activation of 
STRE-controlled genes such as PGM2 (phosphoglucomutase) and UGP1 (UDP-glucose 




CYR1 or GPR1 (plasma membrane G-protein-coupled receptor) resulted in various forms of 
stress resistances, defined as ‘fermentation-induced loss of stress resistance’ mutant (fil), due to 
decreased signal of glucose through the Ras/PKA signaling pathway (Kraakman et al., 1999; 
Van Dijck et al., 2000; Versele et al., 2004).  Engineering the Ras/PKA signaling pathway might 
be an efficient way to achieve multiple phenotypes of industrial interest with a single effort. 
Numerous attempts to achieve simultaneous co-fermentation of glucose and non-glucose 
sugars through genetic perturbations of the genes involved in the glucose signaling pathway were 
not successful and turned out to be sometimes undesirable as the efficiency of glucose 
fermentation was severely hampered after the genetic perturbations. Due to complex regulatory 
mechanisms of the glucose repression that reprograms metabolic schemes for optimized glucose 
utilization, the identification of good genetic perturbation targets is very challenging.  Moreover, 
each sugar combination would require a specific engineering strategy since different sugars are 
regulated through different mechanisms.  Despite these difficulties, new gene targets will arise as 








Fig. 1.5  Phenotypic characteristics (text boxes) of glucose derepressed mutants by disrupting 
gene targets (striped) involved in the glucose repression mechanisms; the glucose 
phosphorylation-dependent pathway is in red, glucose induction in orange, and Ras/cAMP/PKA 






1.5 Motivations and research objectives 
Numerous studies have been performed to engineer efficient xylose-fermenting S. 
cerevisiae as a future biocatalyst for making biofuels and bulk chemicals from cellulosic biomass 
hydrolyzate.  Various hypotheses regarding limitations in xylose metabolism of engineered S. 
cerevisiae were made, and many genes were identified as overexpression or deletion targets to 
overcome the limitations.  However, the xylose-fermenting capability of engineered S. cerevisiae 
is still suboptimal compared to native Sch. stipitis. 
The objective of this thesis study is to identify the most critical limitations hindering 
xylose fermentation by engineered S. cerevisiae.  Based on thorough understandings of the 
limiting factors, I will determine essential genetic elements that enable S. cerevisiae to ferment 
xylose efficiently. 
 In the following three chapters, I will describe: 
1) A genomic library method to identify overexpression targets improving xylose 
fermentation of S. cerevisiae expressing a heterologous xylose-assimilating pathway 
2) A comparison of two xylose-assimilating pathways possessing different redox 
requirements to understand the most critical limitations in xylose metabolism of 
engineered S. cerevisiae 
3) A set of essential genetic perturbations necessary to facilitate efficient xylose 
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Saccharomyces cerevisiae has been used for producing ethanol from sugars for thousands 
of years. This yeast exhibits desirable traits as an ethanol producer, such as being Crabtree-
positive, osmotolerant, and ethanol-tolerant during glucose or sucrose fermentation. Indeed, corn 
and sugarcane-based ethanol production processes using S. cerevisiae has been practiced for 
decades. However, this yeast cannot be used directly for producing next generation of biofuels 
from lignocellosic biomass. The most critical reason is that it cannot metabolize xylose, which 
consists of ~30% sugars derived from lignocellulosic biomass such as energy crops and wood. 
Xylose-fermenting strains of S. cerevisiae have been developed through metabolic 
engineering. The first step is to introduce xylose-utilizing pathways such as xylose 
reductase/xylitol dehydrogenase (XR/XDH) or xylose isomerase (XI) from yeast or 
bacteria/fungi, respectively. Even though bacterial/fungal xylA genes, coding for XI, have been 
successfully expressed in S. cerevisiae (Brat et al., 2009; Ha et al., 2011; Karhumaa et al., 2005; 
Kuyper et al., 2003; Kuyper et al., 2005; Lönn et al., 2003; Walfridsson et al., 1996), it has been 
reported that the XR/XDH pathway can offer higher metabolic fluxes than the XI pathway 
(Karhumaa et al., 2007b). In terms of ethanol yield, however, the XR/XDH pathway has been 
considered inferior to the XI pathway because the dual enzyme pathway is accompanied by 
oxidation/reduction of different cofactors and accumulates xylitol as an intermediate product 
(Akinterinwa and Cirino, 2009; Ho et al., 1998; Kötter and Ciriacy, 1993; Tantirungkij et al., 
1993; Walfridsson et al., 1997).  
Therefore, numerous rational approaches to improve the phenotypes of engineered strains 
expressing the XR/XDH pathway have been attempted. First, protein engineering approaches 




specific XDH for balancing their cofactor requirements (Bengtsson et al., 2009; Krahulec et al., 
2010; Matsushika et al., 2008; Petschacher and Nidetzky, 2008). Second, selected or entire genes 
coding for enzymes in the pentose phosphate pathway have been perturbed as knockout or 
overexpression targets to improve the rate of xylose fermentation by engineered S. cerevisiae 
(Jin et al., 2005; Johansson and Hahn-Hägerdal, 2002a; Karhumaa et al., 2005; Lu and Jeffries, 
2007; Sonderegger et al., 2004; Walfridsson et al., 1995). Third, studies have been carried out on 
characterizing xylose transport by engineered S. cerevisiae (Hamacher et al., 2002) and 
introducing heterologous xylose-specific transporters such as SUT1/2 from Sch. stipitis (Du et al., 
2010; Katahira et al., 2008). 
Concurrently, combinatorial approaches based on random mutagenesis and laboratory 
evolution have also been exploited for engineering new yeast strains to achieve desired 
phenotypes (Cadièrea et al., 2011; Peng et al., 2011; Wahlbom et al., 2003). These evolutionary 
engineering approaches to improve the phenotypes of xylose-fermenting strains have shown 
more significant improvements in an ethanol yield and productivity than the rational approaches. 
These results suggest that there may be more unknown gene targets or complex mechanisms 
involved in implementing improved xylose fermentation. Previous studies attempted to identify 
the genes responsible for improved xylose fermentation by engineered S. cerevisiae. A random 
overexpression library (Jin et al., 2005) and a transposon insertional library (Ni et al., 2007) have 
been employed to identify overexpression and knockout targets. When a Sch. stipitis genomic 
library was employed for identifying beneficial overexpression targets, XYL3 (under the host 
background expressing XYL1 and XYL2) and PsTAL1 (under the host background expressing 
XYL1, XYL2, and XYL3) were identified, and their overexpression led to improved ethanol 




deletion targets eliciting improved xylose fermentation identified PsPHO13 and the upstream 
region of PsTAL1, which led to the increased expression of PsTAL1 (Ni et al., 2007; Van Vleet et 
al., 2008).    
In the present study, a genomic library of S. cerevisiae was used to identify its 
endogenous genes whose overexpression improved xylose fermentation by S. cerevisiae 
harboring XYL1, XYL2, and XYL3. Interestingly, this approach led us to identify XYL2 as an 
overexpression target. We further demonstrated the decisive role of an expression level of XYL2 
in xylose metabolism by engineered S. cerevisiae. 
 
2.2 Materials and Methods 
 
2.2.1 Strains and plasmids 
We used the engineered S. cerevisiae YSX3 strain (MATα trp1-112 leu2::LEU2-PsXYL1 
ura3::URA3-PsXYL2 Ty3::NEO-PsXYL3), which was developed previously (Jin et al., 2003). In 
summary, the YSX3 strain was generated by genome-integrating XYL1, XYL2, and XYL3 derived 
from Sch. stipitis into the LEU2, URA3, and Ty3 sites of S. cerevisiae L2612, respectively. While 
single copies of XYL1 and XYL2 are strongly expressed under the TDH3 promoter, the 
expression level of XYL3 has been optimized by using its native promoter and multiple 
integrations at the Ty3 sites. For examining the effect of various overexpression levels of XYL2, 
three types of plasmids were used as follows: pRS424 (TRP1, 2µm origin), pRS424-tX2 
(TDH3P-XYL2-TDH3T), and pRS424-pX2 (PGK1P-XYL2-PGK1T). For the moderate expression 
of XYL2, two XYL2 expression cassettes (TDH3P-XYL2-TDH3T and PGK1P-XYL2-PGK1T) were 




YSX3-pX2, respectively. To test the effect of XYL2 in a different strain background, we 
designed two integrative plasmids containing XYL1, XYL2, and XYL3 with different expression 
levels of XYL2. pSR6-X123-Low was constructed by subcloning the three gene cassettes 
(TDH3P-XYL1-TDH3T, TDH3P-XYL2-TDH3T, TDH3P-XYL3-TDH3T) into pRS306. pSR6-X123 
was made identically except for the XYL2 cassette (PGK1P-XYL2-PGK1T), which enabled 
optimized expression of the XYL1, XYL2, and XYL3 genes. pSR6-X123-Low and pSR6-X123 
were genome-integrated into D452-2 (Sugiyama and Nikawa, 2001), resulting in DX123-Low 
and DX123, respectively. 
 
2.2.2 Library screening 
The S. cerevisiae genome library constructed previously (Hong et al., 2010; Lee et al., 
2011) was utilized. The genomic DNA fragments generated by sonication were gel-purified in 
the 2-5 kb region, and blunt-ligated into the pRS424 plasmid. More than 10
5
 library 
transformants of YSX3 was obtained by the Alkali-Cation yeast transformation kit (MP 
Biomedicals, Solon, OH). Next, a pool of the transformants was cultured in 50 ml of YP medium 
(10 g/l yeast extract and 20 g/l peptone) containing 40 g/l of D-xylose (YPX). When the cell 
density (OD at 600 nm) reached ~5, 1% of the culture was transferred into fresh YPX medium. 
By consecutive subcultures, the transformants that grew fast on xylose were enriched. This 
enrichment was performed in complex medium because the multicopy plasmids showed good 
segregational stability in this study. After 10 serial subcultures, the diluted cells were plated on a 
synthetic complete medium (6.7 g/l yeast nitrogen base with ammonium sulfite and 0.74 g/l of 
CSM-Trp; MP Biomedicals) containing 20 g/l of D-glucose (SCD-Trp). Twenty-nine colonies 




3 days. Three transformants which showed improved phenotypes in comparison to the original 
strain were selected and their plasmids were identified.  
 
2.2.3 Insert identification and sequence analysis 
The selected transformants were cultured in 5 ml of SCD-Trp.  The cultures were 
subjected to a Zymoprep Yeast Plasmid MiniPrep I (Zymo Research, Orange, CA) to isolate 
their plasmids. Once amplified by E. coli TOP10, the plasmids were sequenced using T3 and T7 
primers in order to determine the nucleotide sequences of their inserts. From a BLAST search of 
the nucleotide sequences, open reading frames contained in the inserts were identified. 
2.2.4 Fermentation 
Two types of fermentation experiments were performed in this study. Yeast strains 
containing multi-copy plasmids were pre-cultured in 50 ml SCD at 30
o
C for 24 hours. The grown 
cultures with an OD 4 were centrifuged and resuspended in 50 ml of SC medium containing 40 
g/l of D-xylose (SCX) for ethanol fermentation. YSX3 and strains containing integrated XYL2 
were grown in 5 ml of YP containing 20 g/l of glucose (YPD) and transferred to 50 ml of YPX 
for ethanol fermentation. All fermentations were conducted at 100 rpm and 30
o
C for 72 hours. 
 
2.2.5 HPLC analysis 
Xylose, xylitol, glycerol, acetate and ethanol concentrations of samples obtained from 
fermentation experiments were analyzed by high performance liquid chromatography (HPLC, 
Agilent Technologies 1200 Series) equipped with a refractive index detector and a Rezex ROA-
Organic Acid H+ (8%) column (Phenomenex Inc., Torrance, CA). The column was eluted with 




2.2.6 Enzymatic activity analysis 
Xylitol dehydrogenase activities of our strains were determined as follows: Exponentially 
growing cells in YPD were harvested, washed, and treated with Y-PER (Pierce, Rockford, IL, 
USA) as the manufacturer recommended. The resulting crude cell extracts were kept on ice until 
use for less than 3 hours. The enzyme reaction was tested in 1 ml of reaction solution containing 
0.7 ml of 50 mM Tris buffer (pH 9), 0.1 ml of the cell extracts, 0.1 ml of 2 mM NAD, and 0.1 ml 
of 1 M xylitol. The mixed solution without xylose was incubated for 1 min at 25
o
C for 
equilibrium. After adding xylose, the solution was monitored for 2 min at 340 nm by a 




2.3.1 Overexpression target search through genomic library screening 
The S. cerevisiae YSX3 strain was previously developed through chromosomal 
integration of three genes (XYL1, XYL2, and XYL3) coding for a xylose-assimilating pathway in 
Sch. stipitis (Jin et al., 2003). The xylose metabolism of the strain was much slower than glucose; 
moreover, its ethanol yield was significantly lower than Sch. stipitis (Shi et al., 1999) and 
accumulated substantial amounts of xylitol. In order to identify unknown factors that might 
hinder xylose fermentation in the YSX3 strain, we transformed the strain with a genome library 
of wild type S. cerevisiae and selected fast growing and good fermenting transformants on a 
xylose medium. Specifically, a random collection of the transformants was subjected to serial 
sub-culturing in xylose-containing medium (YPX) under an oxygen-limited condition. From the 




were compared with the parental strain (YSX3) (Fig. 2.2). Xylose consumption, xylitol 
accumulation, and ethanol production by those transformants were significantly different from 
those of YSX3. Although all transformants showed faster xylose uptake rates and higher growth 
rates than the YSX3 (Fig. 2.2b), most of them also accumulated more xylitol (Fig. 2.2a), which 
means actual amounts of metabolized xylose might be smaller than the parental strain. Three 
transformants (#22, #23, and #29) that had both a lower xylitol yield and a higher ethanol yield 
than YSX3 were selected. Three plasmids isolated from the selected strains were sequenced to 
identify putative inserts, and were retransformed to the parental strain (YSX3) to confirm that the 
overexpression of the plasmid were responsible for the improved phenotypes. The plasmid from 
the #29 strain did not have any insert and its retransformant did not have any phenotypic changes, 
which suggested that some genetic changes in the genome had contributed to the improved 
phenotype. On the other hand, the plasmids from the #22 and #23 strains contained the XYL2 
gene flanked by the upstream and downstream regions of the TDH3 gene, and their 
retransformants showed similar improved phenotypes as their original transformants by a 
decreased xylitol yield (0.18 g/g xylose) and an increased ethanol yield (0.27 g/g xylose), in 
comparison to the host YSX3 strain (0.50 and 0.11 g/g xylose, respectively) (Fig. 2.3). 
Since a genomic library of the wild type S. cerevisiae was used in this study, it was 
speculated that the XYL2 gene might have migrated from the chromosome into a multi-copy 
plasmid by the following mechanisms (Fig. 2.1). The first two xylose-assimilating gene cassettes 
(XYL1 and XYL2), integrated into the genome of YSX3, are expressed under the control of the 
TDH3 promoter of S. cerevisiae. Therefore, migration of either XYL1 or XYL2 from the 
chromosome to the multicopy plasmids would have been possible by homologous recombination 




presumed that the modified plasmids which contained XYL2 would have been maintained and 
amplified during serial subcultures in the xylose medium because of the advantages on xylose 
metabolism. We also speculated that the gene exchange in the host YSX3 was not the primary 
reason for the improved phenotypes on xylose, since the original transformant and the 
retransformant of the #22 plasmid showed similar improvement. Consequently, it was 
hypothesized that the expression level of XYL2 in the YSX3 strain was not optimum for xylose 
fermentation, even though it was expressed under the control of the strong constitutive promoter 
of TDH3. 
 
2.3.2 Effects of additional XYL2 overexpression by multicopy plasmids 
To verify the beneficial effect of XYL2 overexpression on xylose fermentation, we 
constructed two multicopy plasmids, pRS424-tX2 and pRS424-pX2, containing XYL2 under the 
control of the TDH3 and PGK1 promoters, respectively. After transformation of YSX3 by 
pRS424-tX2 or pRS424-pX2, in vitro XDH activities increased by approximately 30 fold or 70 
fold, respectively (Table 2.1). The YSX3 strain with a control plasmid produced a significant 
amount of xylitol, 0.44 (g xylitol/g xylose), and a small amount of ethanol, 0.10 (g ethanol/g 
xylose). The YSX3 pRS424-tX2 transformant accumulated 50% less xylitol, 0.22 (g/g xylose), 
and produced more ethanol, 0.23 (g/g xylose) (Fig. 2.4 and Table 2.1).  Moreover, the YSX3 
pRS424-pX2, with the highest XDH activity, produced the least amount of xylitol, 0.15 (g/g 
xylose), and produced moderate amounts of ethanol, 0.16 (g/g xylose). Overall, the beneficial 
effect of XYL2 overexpression on xylose fermentation was observed in reduced xylitol 




The reason why the YSX3 pRS424-pX2 did not produce the highest amount of ethanol 
could be speculated as a metabolic burden caused by the extremely high expression of XYL2. In 
fact, as overexpressing XYL2, the specific xylose uptake rates decreased (14~21%) and the 
acetate yields increased (150~350%) (Table 2.1). While a multi-copy plasmid and selection on 
minimal media might generate clear phenotypes caused by XYL2 overexpression, we 
hypothesized that the overexpression of XYL2 under the control of strong promoters, such as the 
PGK1 promoter, using multi-copy plasmid might be too high to balance other cellular 
metabolisms in a minimal defined medium using xylose as the sole carbon source (SCX). As 
such, we decided to test the beneficial effect of XYL2 overexpression on xylose fermentation 
using an integration cassettes and complex media.  
 
2.3.3 Effects of additional XYL2 integration 
In order to avoid an excessive expression of XYL2, two integrative plasmids were 
constructed with the same insert used in the multicopy plasmids (TDH3P-XYL2-TDH3T or 
PGK1P-XYL2-PGK1T), integrated into the genome of YSX3, and the resulting strains (YSX3-tX2 
and YSX3-pX2, respectively) were tested in rich media containing xylose (YPX) (Fig. 2.5 and 
Table 2.2). The two integrants showed a moderate increase in the XDH activities (2 and 7.5 fold, 
Table 2.2) in comparison with the multicopy transformants (Table 2.1). When YSX3-tX2 and 
YSX3-pX2 were cultured in complex medium containing xylose (YPX) and compared to YSX3, 
the specific xylose uptake rates (1.1 and 1.2 fold) and ethanol yields (1.3 and 1.9 fold) were 
improved and the xylitol yields (0.7 and 0.3 fold) reduced with the increased expression levels of 




expression of an additional genomic copy of XYL2 significantly improved the overall xylose-
fermenting capability of YSX3 without any detrimental effects. 
 
2.3.4 Effects of expression levels of XYL2 under a different strain background   
From the case of YSX3, we hypothesized that xylitol accumulation could be minimized 
simply by expressing relatively higher levels of XYL2 than XYL1 or XYL3 in S. cerevisiae. To 
test the hypothesis, two expression cassettes of XYL1, XYL2, and XYL3 were designed: a) an 
existing cassette expressing the three genes under the same TDH3 promoter; and b) an optimized 
cassette with higher expression levels of XYL2 under the PGK1 promoter. The two cassettes 
were genome-integrated into a S. cerevisiae D452-2 strain, resulting in DX123-Low and DX123, 
respectively. Crude cell extracts of DX123-Low and DX123 had similar XR activities (61 and 46 
mU/mg protein, respectively) but different XDH activities (2 and 50 mU/mg protein, 
respectively), as expected. DX123 fermented 40 g/L xylose as a sole carbon source, 
accumulating less than 1 g/l of xylitol, while DX123-Low utilized xylose slowly, accumulating a 
high amount of xylitol with a yield of 0.55 g/g xylose, without producing ethanol (Fig. 2.6). This 
result supported that xylitol accumulation during xylose fermentation by engineered S. cerevisiae 
was primarily due to a low expression level of XYL2. 
 
2.4 Discussion 
Inverse metabolic engineering has been used to identify genes eliciting the desired 
phenotypes in order to develop improved strains for pentose sugar utilization (Bengtsson et al., 
2008; Jin et al., 2005; Ni et al., 2007). The previous study, performed by using a genome library 




of YS1020 (expressing XYL1 and XYL2 only) and TAL1 in the background of YSX3 (expressing 
XYL1, XYL2, and XYL3) as overexpression targets for improved growth and ethanol production 
from xylose (Jin et al., 2005). Another study using transposon mutagenesis to identify genes 
which decrease the toxicity of XYL3 overexpression demonstrated that both overexpression of 
TAL1 and up-regulation of TAL1 by deleting PHO13 increased cell growth on xylose (Ni et al., 
2007). A genomewide transcriptional study has also identified a number of target genes for rapid 
cell growth on xylose: SOL3 and TAL1 as overexpression targets and YLR042C, MNI1, and 
RPA49 as deletion targets (Bengtsson et al., 2008). All three independent studies identified TAL1, 
suggesting that a transaldolase reaction in the pentose phosphate pathway is limiting in the 
xylose metabolism of engineered S. cerevisiae harboring XYL1, XYL2, and XYL3. 
This study identified a new overexpression target, XYL2 rather than TAL1, a known 
target for improving growth on xylose, since the screening of the genome-library transformants 
was based on actual xylose-fermenting capability after intensive selection of fast growing cells. 
As shown in Fig. 2.2, only 7% of the enriched cultures (3 out of 29) showed the desired 
phenotypes for xylose fermentation, whereas the majority of them were dedicated to fast growth 
on xylose with the accumulation of xylitol. This suggests that good fermenting cells might not be 
able to dominate fast growing cells during serial subcultures on xylose, which diluted out slow 
growing transformants. In order for good fermenters to give better chance to compete with fast 
growers during the selection process, therefore, we performed the enrichment under an oxygen-
limited condition. Moreover, we had another screening criterion, which aimed at finding good 
xylose fermenters among a number of enriched fast growing transformants, and consequently, 




Although many studies have attempted to optimize the xylose-assimilating pathways of 
XYL1, XYL2, and XYL3, the importance of the strong expression of XYL2 has not received 
enough attention due to some discrepancy and insufficient evidence. Two studies showed that 
low XR/XDH ratios significantly decreased xylitol yields (Eliasson et al., 2001; Walfridsson et 
al., 1997). Some studies, however, argued that high XR activity decreased xylitol yields and 
increased xylose consumption rates (Jeppsson et al., 2003; Karhumaa et al., 2007a; Matsushika 
and Sawayama, 2008). More recently, a kinetic model predicted that xylitol accumulation would 
be reduced by a high reaction rate of xylulokinase (XK coded by XYL3 or xylB) but would not be 
affected by XDH reaction rate (Parachin et al., 2011). Moreover, maintaining a redox balance by 
supplying NAD
+
 for XDH has drawn more attention as a putative solution for reducing xylitol 
accumulation (Wahlbom and Hahn–Hägerdal, 2002). Meanwhile, we observed the strong 
relationship between XDH activities and xylitol yields in two different strain backgrounds. 
Compiling reported values from previous studies as shown in Fig. 2.7 (Jeppsson et al., 2003; 
Matsushika and Sawayama, 2008; Walfridsson et al., 1997), we found a strong inverse relation 
between the xylitol yield and the XDH activity. Although two different experimental conditions 
of our study (multicopy expression tested in defined media vs. genome integration tested in rich 
media) created some variations in the basal level of the xylitol yield and its sensitivity to the 
XDH activity, the overall trend that the high XDH activity decreased the xylitol yield was also 
observed. Larger variations in xylitol yields among the previous studies than our study could be 
resulted from different environmental conditions and different genetic backgrounds of the host 
strains. The ethanol yield and the XDH activity in the previous reports did not correlate as much 
as those in our study since different environmental factors such as addition of glucose 




(Jeppsson et al., 2003) had dominant impact on the ethanol production. Overall, we concluded 
that a low expression level of XYL2 was the primary cause of xylitol accumulation resulting in a 
low ethanol yield from xylose in engineered S. cerevisiae. With enough expression levels of 
XYL2 as a prerequisite for minimal accumulation of xylitol, finding other important genetic 





2.5 Figures and Tables 
 
 
Fig. 2.1  Identification of the XYL2 gene as an overexpression target through the inverse 
metabolic engineering approach using an overexpression library.  A represents how the XYL2 
gene was able to be transferred from a chromosome to a multicopy plasmid during the 
enrichment process.  The TDH3 promoter and terminator that were used to express XYL2 were 
crossed with the complementary regions in a multicopy plasmid, which resulted in 







Fig. 2.2  Comparison of xylitol yields, ethanol yields (a), growth rates (ΔOD/h), and volumetric 
xylose consumption rates (xylose consumed/h) (b) of 29 colonies isolated from the enriched 
culture of S. cerevisiae library transformants. Cells were precultured in 5 ml synthetic complete 
medium containing 20 g/L glucose but lacking tryptophan, transferred to 5 ml YP medium 
containing 40 g/l of xylose, and incubated on a rotator for 3 days. C denotes the parental strain 








Fig. 2.3  Xylose fermentation by the host YSX3 strain (a) and the retransformant of the #22 
plasmid (b). Cells were precultured in 5 ml synthetic complete medium containing 20 g/L 
glucose but lacking tryptophan, and transferred to 50 ml YP medium containing 40 g/l of xylose. 
The initial cell density (OD at 600 nm) was adjusted to 0.4. Symbols: xylose (square), biomass 









Fig. 2.4  Effects of XYL2 overexpression by multicopy plasmids on xylose fermentation of 
engineered S. cerevisiae YSX3 in minimal medium (SCX). The initial cell density (OD at 600 
nm) was adjusted to 4. Symbols: YSX3 pRS424, control (circle), YSX3 pRS424-tX2, multicopy 









Fig. 2.5  Effects of genomic integration of additional XYL2 with different promoters on xylose 
fermentation of engineered S. cerevisiae YSX3 in complex medium (YPX). The initial cell 
density (OD at 600 nm) was adjusted to 0.4. Symbols: YSX3, control (circle), YSX3-tX2 










Fig. 2.6  Different xylose fermentation patterns by DX123-Low (a) and DX123 (b) engineered 
from S. cerevisiae D452-2 by integrating TDH3P-XYL1-TDH3T TDH3P-XYL2-TDH3T TDH3P-
XYL3-TDH3T and TDH3P-XYL1-TDH3T PGK1P-XYL2-PGK1T TDH3P-XYL3-TDH3T, 
respectively. The initial cell density (OD at 600 nm) was adjusted to 1. Symbols: xylose (square), 







Fig. 2.7  Correlation between XDH activities and xylitol yields from previous reports and this 
study. Symbols: XYL2 overexpression by multicopy plasmids (square), integration of additional 






Table 2.1  XDH activities
1)
 and fermentation parameters
2)
 of engineered S. cerevisiae YSX3 over-expressing the XYL2 gene by multicopy 
plasmids 
 XDH (U/mg protein) rXyl rXyl* YBiomass YXtOH YAcet YEtOH 
YSX3 control 0.15 ± 0.13 0.58 ± 0.02 0.56 ± 0.02 0.02 ± 0.00 0.44 ± 0.02 0.02 ± 0.01 0.10 ± 0.01 
YSX3 pRS424-tX2 4.37 ± 0.94 0.63 ± 0.01 0.48 ± 0.00 0.01 ± 0.00 0.23 ± 0.01 0.05 ± 0.00 0.23 ± 0.00 
YSX3 pRS424-pX2 10.80 ± 0.84 0.41 ± 0.01 0.44 ± 0.00 0.02 ± 0.00 0.15 ± 0.01 0.09 ± 0.01 0.16 ± 0.03 
 
1)
 Xylitol dehydrogenase activity of crude cell extracts. 
2) 









biomass yield (g cells g xylose
-1
); YXtOH, xylitol yield (g xylitol g xylose
-1
); YAcet, acetate yield (g acetate g xylose
-1









Table 2.2  Changes in XDH activities
1)
 and fermentation parameters
2)
 of engineered S. cerevisiae YSX3 after integrating an additional copy of 
XYL2 with two different promoters 
 XDH (U/mg protein) rXyl rXyl* YBiomass YXtOH YAcet YEtOH 
YSX3 0.04  0.01 0.41  0.01 0.43  0.00 0.08  0.00 0.35  0.05 0.01  0.00 0.14  0.01 
YSX3-tX2 0.07  0.00 0.48  0.00 0.46  0.00 0.08  0.00 0.25  0.00 0.01  0.00 0.18  0.00 
YSX3-pX2 0.30  0.05 0.56  0.02 0.50  0.01 0.08  0.00 0.10  0.02 0.01  0.00 0.27  0.00 
 
1)
 Xylitol dehydrogenase activity of crude cell extracts. 
2) 









biomass yield (g cells g xylose
-1
); YXtOH, xylitol yield (g xylitol g xylose
-1
); YAcet, acetate yield (g acetate g xylose
-1
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While Saccharomyces cerevisiae is the only microorganism that is currently used for 
producing corn or sugar-based ethanol at commercial scales, this yeast cannot ferment xylose. 
Xylose is the second most abundant sugar in plant cell wall hydrolyzates.  While S. cerevisiae is 
devoid of a xylose-assimilating pathway, two different xylose metabolic pathways have been 
identified from xylose-assimilating microorganisms in nature.  The yeast pathway consists of 
xylose reductase (XR) and xylitol dehydrogenase (XDH) (Ho et al., 1998; Kötter et al., 1990; 
Tantirungkij et al., 1993; Toivari et al., 2001; Walfridsson et al., 1995), and the bacterial/fungal 
pathway uses xylose isomerase (XI) (Brat et al., 2009; Ha et al., 2011; Karhumaa et al., 2007; 
Kuyper et al., 2005; Madhavan et al., 2009; Walfridsson et al., 1996).  Both pathways can 
convert xylose into xylulose which can be phosphorylated by xylulokinase and metabolized via 
pentose phosphate pathway (PPP) in S. cerevisiae (Jin et al., 2005; Johansson et al., 2001; 
Toivari et al., 2001; Wahlbom et al., 2003).    
The most efficient xylose-fermenting yeast, Scheffersomyces stipitis, has XYL1 coding for 
NAD(P)H-dependent XR, XYL2 coding for NAD
+
-dependent XDH, and XYL3 coding for 
xylulokinase (XK).  Therefore, numerous attempts to construct xylose-fermenting S. cerevisiae 
through introducing XYL1, XYL2, and XYL3 (or XKS1 coding for endogenous XK) have been 
reported but ethanol yields of xylose fermentation were not only lower than those of glucose 
fermentation, but also quite different among the studies (Eliasson et al., 2000; Eliasson et al., 
2001; Ho et al., 1999; Ho et al., 1998; Jin et al., 2000; Kötter and Ciriacy, 1993; Meinander et al., 
1999; Tantirungkij et al., 1993; Walfridsson et al., 1997). Because of the inefficient xylose 
fermentation by engineered S. cerevisiae, it has been hypothesized that the unbalanced cofactor 





the cofactors (Hou et al., 2009; Jin et al., 2004; Kötter and Ciriacy, 1993; Richard et al., 2006; 
Verho et al., 2003). Indeed, Sch. stipitis had the highest ethanol yield and ethanol productivity 
from xylose under oxygen-limited conditions (Ligthelm et al., 1988). 
In contrast, engineered S. cerevisiae expressing xylA coding for XI from bacteria or 
anaerobic fungi ferments xylose under anaerobic conditions (Karhumaa et al., 2005; Kuyper et 
al., 2003; Kuyper et al., 2005; Lönn et al., 2003; Walfridsson et al., 1996).  While the XI 
pathway does not require any cofactors, the isomerization reaction of xylose to xylulose is not 
energetically favorable (Hochster and Watson, 1954).  As a result, the xylose consumption rate 
by the strain expressing the XI pathway is not as fast as the strain expressing the XR/XDH 
pathway (Karhumaa et al., 2007).  In the both cases, the overexpression of xylulokinase (XK) 
encoded by S. cerevisiae XKS1 or Sch. stipitis XYL3, which convert xylulose into xylulose-5-
phosphate, has improved the xylose metabolism by the engineered S. cerevisiae (Eliasson et al., 
2001; Jin et al., 2005; Johansson et al., 2001; Toivari et al., 2001; Träff-Bjerre et al., 2001).  
Beside these heterologous pathways, there have been some efforts finding endogenous 
enzymes through which overexpression might enable xylose fermentation by S. cerevisiae (Batt 
et al., 1986; Richard et al., 1999; Träff et al., 2002; Van Zyl et al., 1993).  In 1986, Batt et al. 
demonstrated that wild type S. cerevisiae can metabolize limited amounts of xylose although it 
could not grow on xylose as a sole carbon source (Batt et al., 1986).  Through phenotypic 
screening of deletion mutants of genes coding for putative XR enzymes, Träff et al. discovered 
that GRE3 coding for non-specific aldose reductase (AR) had a significant xylose reductase 
activity (Träff et al., 2002).  Additionally, it was found that YLR070c has a xylitol dehydrogenase 
activity (Richard et al., 1999).  However, S. cerevisiae overexpressing GRE3 and YLR070c was 





2004).  Moreover, a strain overexpressing GRE3, XYL2, and XKS1 exhibited a five-fold lower 
xylose consumption rate as well as a lower ethanol yield as compared to a strain overexpressing 
XYL1, XYL2, and XKS1 (Toivari et al., 2004).  Because AR (GRE3) requires only NADPH as a 
cofactor, it was hypothesized that overexpression of GRE3 with XYL2 coding for NAD
+
-specific 
XDH might aggravate cellular redox balance and result in inefficient xylose fermentation 
(Richard et al., 1999; Toivari et al., 2004). 
In the present study, an engineered S. cerevisiae strain overexpressing GRE3 with the 
heterologous expressions of XYL2 and XYL3 was compared to an isogenic strain expressing 
XYL1 instead of GRE3 when fermenting xylose or a mixture of glucose and xylose.  By 
comparing various genetic and environmental conditions such as different strain backgrounds, 
different XYL2 expression levels, and different oxygen levels, we determined important factors 
affecting the xylose metabolism of S. cerevisiae overexpressing GRE3 with XYL2 and XYL3. 
 
3.2 Materials and Methods 
 
3.2.1 Strains, plasmids, and primers 
All plasmids, strains, and primers used in this study are described in Table 1 and Table 2.  
Previously, we developed an integrative plasmid (pSR6-X123) for optimized expression of the 
XYL1, XYL2, and XYL3 genes from Sch. stipitis by sub-cloning the three gene cassettes (TDH3P-
XYL1-TDH3T, PGK1P-XYL2-PGK1T, TDH3P-XYL3-TDH3T) into pRS306 (Kim et al., 2012).  In 
this study, we developed the identical plasmid (pSR6-GX23) except for expressing GRE3 instead 
of XYL1 as follows.  The PGK1P-XYL2-PGK1T cassette was generated by an overlap extension 





digested by BamHI and HindIII.  The resulting plasmid (pSR6-X2) was linearized by HindIII 
and ligated with the TDH3P-XYL3-TDH3T cassette which was gel-purified from HindIII-treated 
pYS32 (Jin et al., 2003), yielding pSR6-X23.  The pSR6-X23 plasmid was linearized by NotI 
and was blunt-ligated with TDH3P-XYL1-TDH3T or TDH3P-GRE3-CYC1T cassettes, yielding 
pSR6-X123 and pSR6-GX23, respectively.  The TDH3P-XYL1-TDH3T cassette was obtained by 
gel purification from pYS10 treated by HindIII (Jin and Jeffries, 2003).  After cloning S. 
cerevisiae GRE3 into pRS423GPD (GPD refers to a TDH3 promoter) using Jin196 and Jin197 
primers, the TDH3P-GRE3-CYC1T cassette was PCR-generated using Jin128 and Jin129 primers.  
The pSR6-X23, pSR6-X123, and pSR6-GX23 plasmids were genome integrated into wild type S. 
cerevisiae D452-2, resulting in the DX23, DX123, and DGX23 strains, respectively.  As an 
external control of strain backgrounds, CGX23 was generated by integrating pSR6-GX23 into S. 
cerevisiae CEN.PK2-1D. 
 
3.2.2 Enzymatic activity analysis 
Xylose reductase or xylitol dehydrogenase activities of engineered yeast strains were 
determined as follows:  To prepare a crude cell extract from a culture, exponentially growing 
cells on glucose were harvested, washed, and treated with Y-PER (Pierce, Rockford, IL, USA) as 
the manufacturer recommended.  The resulting crude extract was kept on ice until use for less 
than 3 hours.  Xylose reductase activities were measured in 1 ml of reaction solution containing 
0.7 ml of 50 mM phosphate buffer (pH 6.5), 0.1 ml of the cell extracts, 0.1 ml of 2 mM 
NAD(P)H, and 0.1 ml of 1 M xylose.  The solution without xylose was incubated for 1 min at 
25
o
C for equilibrium.  After adding xylose, the reaction solution was monitored for 2 min at 340 





dehydrogenase activities were also measured in 1 ml of reaction solution containing 0.7 ml of 50 
mM Tris buffer (pH 9), 0.1 ml of the cell extracts, 0.1 ml of 2 mM NAD
+
, and 0.1 ml of 1 M 
xylitol as above.  One unit (1 U) of enzyme was defined by the conversion of 1 µmol NADPH 
(XR) or NAD
+
 (XDH) per minute. The units were normalized by the amount of total protein (mg) 
measured by a BCA protein assay kit (Pierce).  The wild type strain was used as a negative 
control and the activities were negligible in all cases. 
 
3.2.3 Fermentation 
Yeast strains were pre-grown in 5 ml of YP medium (10 g/liter of yeast extract and 20 
g/liter of peptone) containing 20 g/liter of D-glucose (YPD) at 200 rpm and 30
o
C for 24 hours.  
The grown yeast cells were centrifuged and inoculated to 50 ml or 20 ml of an YP medium 
containing 40 g/liter of D-xylose (YPX40) or an YP medium containing 70 g/liter of D-glucose 
and 40 g/liter of D-xylose (YPD70X40).  For the YPD70X40 medium, 50 mM of potassium 
hydrogen phthalate buffer (pH 6.0) was supplemented in order to reduce toxicity of acetate 
which often accumulated during xylose fermentation.  Fermentation experiments under oxygen-
limited conditions were performed by 50 ml culture in a 250 ml Erlenmeyer flask covered with 
foil with an agitation speed of 100 rpm.  Fermentation experiments under strict anaerobic 
conditions were performed by 20 ml culture in a 100 ml serum vial, sealed with rubber, and 
purged by nitrogen for 3 min while gently swirling.  Anaerobic vials were then incubated at 100 
rpm to avoid cell precipitation.  All fermentation experiments began with an initial cell density at 
OD600 1 (~0.3 g/liter) and incubated at 30
o
C.  Data shown in fermentation graphs and parameters 






3.2.4 HPLC analysis 
Glucose, xylose, xylitol, glycerol, acetate, and ethanol concentrations were determined by 
high performance liquid chromatography (HPLC, Agilent Technologies 1200 Series) equipped 
with a refractive index detector using a Rezex ROA-Organic Acid H+ (8%) column 
(Phenomenex Inc., Torrance, CA).  The column was eluted with 0.005 N of H2SO4 at a flow rate 




3.3.1 Xylose metabolism by engineered S. cerevisiae expressing XYL2 and XYL3 from S. 
stipitis 
In order to confirm if endogenous xylose reductase or non-specific aldose reductase in S. 
cerevisiae can facilitate xylose assimilation, an engineered S. cerevisiae (DX23) expressing only 
XYL2 and XYL3 was incubated in xylose.  With a high cell density inoculation (OD 30), the 
DX23 strain was able to consume xylose very slowly (about 30 g/liter of xylose was consumed 
in 6 days).  As the outcome, the biomass increased and ethanol was produced with a yield of 0.1 
g/g xylose but no xylitol accumulation was observed.  This result indicated that the DX23 strain 
lacking XYL1 is capable of metabolizing xylose using endogenous enzymes of S. cerevisiae 






3.3.2 Construction and confirmation of S. cerevisiae overexpressing GRE3 with XYL2 and 
XYL3 
Based on the previous reports, we selected GRE3 as a putative xylose reductase gene 
which might have enabled the slow xylose assimilation by the DX23 strain expressing only XYL2 
and XYL3.  An engineered strain overexpressing GRE3 with XYL2 and XYL3 (DGX23) was 
compared to a strain overexpressing XYL1, XYL2, and XYL3 (DX123).  The two strains were 
genetically identical except that the DGX23 strain expressed GRE3 but the DX123 strain 
expressed XYL1 under the control of the same TDH3 promoter.  In vitro enzymatic activity 
assays showed that the two strains had comparable activities of XR (0.04 ~ 0.12 U/mg protein) 
and XDH (0.95 ~ 1.16 U/mg protein) as shown in Table 2.  However, the DGX23 strain showed 
XR activity with only NADPH as a cofactor, while the DX123 strain showed XR activity with 
both NADPH and NADH (Table 3).  This result was consistent with previous reports that 
determined XR activities after overexpressing GRE3 in S. cerevisiae (Kim et al., 2002; Träff-
Bjerre et al., 2004). 
 
3.3.3 Xylose fermentation by S. cerevisiae overexpressing GRE3 with XYL2 and XYL3 
We performed xylose fermentation using the S. cerevisiae strain overexpressing GRE3 
with XYL2 and XYL3 (DGX23) to examine if the DGX23 strain can ferment xylose as efficiently 
as the strain expressing XYL1, XYL2, and XYL3 (DX123) under oxygen-limited conditions.  Both 
the engineered strains were able to grow and ferment xylose with decent ethanol yields when 
they were inoculated with 0.3 g/liter of cells (OD = 1) (Fig. 2).  Interestingly, ethanol production 





ethanol/g xylose; Table 4) even although the DGX23 strain produced more biomass than the 
DX123 strain did. 
To test effects of XYL2 expression levels on xylose-fermenting capability of a strain 
expressing GRE3 and XYL3, the DGX23 strain expressing a high level of XYL2 under the control 
of the PGK1 promoter (PGK1P-XYL2) was compared to an isogenic strain (DGX23
LOW
) 
expressing a low level of XYL2 under the control of the TDH3 promoter (TDH3P-XYL2; Fig. 2C).  
We previously confirmed that xylitol dehydrogenase activity of a strain expressing PGK1P-XYL2 
was 4-times higher than that of a strain expressing TDH3P-XYL2 (Kim et al., 2012).  In the 
present study, a low expression level of XYL2 resulted in slower xylose consumption of the 
DGX23
LOW
 strain than the DGX23 strain (Fig. 2B and C). Moreover, the DGX23
LOW
 strain 
accumulated more xylitol from xylose (0.52 g/g xylose) and produced less ethanol than the 
DGX23 strain.  These results suggested that insufficient expression levels of XYL2 might be 
responsible for xylitol accumulation and inefficient xylose fermentation by the strain expressing 
GRE3.  We also observed that both the DX123 and DGX23 strains expressing PGK1P-XYL2 
accumulated a negligible amount of xylitol (0.02-0.03 g/g xylose; Fig. 2A and B) regardless the 
cofactor requirement of XR and AR.  Therefore, the unbalanced cofactor requirement between 
XYL1/GRE3 and XYL2 might not be a major cause of xylitol accumulation during xylose 
fermentation under oxygen-limited conditions.  
 
3.3.4 Glucose and xylose cofermentation by S. cerevisiae overexpressing GRE3 with XYL2 
and XYL3 
We examined fermentation characteristics of the DX123 (Fig. 3A) and DGX23 (Fig. 3B) 





oxygen-limited conditions.  The amounts of glucose (70 g/liter) and xylose (40 g/liter) reflected 
an average composition of cellulose and hemicelluose in lignocellulsic biomass.  Both the 
DX123 and DGX23 strains were able to consume glucose within 12 hours.  After the fast 
glucose fermentation without significant xylose consumption, the DGX23 strain expressing 
GRE3 consumed xylose and produced ethanol at a constant rate until the xylose depleted, while 
the DX123 strain expressing XYL1 exhibited incomplete xylose fermentation due to a gradually 
decreasing xylose consumption rate.  As a result, the DGX23 strain comsumed all sugars, 
produced more ethanol than DX123 at a titer of 43 g/liter with an yield of 0.41 (g/g sugars).  We 
observed that the DX123 strain accumulated significantly more acetate (3.4 g/liter) than DGX23 
(1.5 g/liter) during 60 hours of glucose and xylose fermentation.  However, we speculated that 
acetate toxicity was not a main reason of the delayed xylose metabolism by the DX123 strain 
because pH of the media were maintained near pH 6.0 through supplementing a phthalate buffer.   
 
3.3.5 Anaerobic xylose fermentation by S. cerevisiae overexpressing GRE3 with XYL2 and 
XYL3 
The DX123 and DGX23 strains behaved differently under strict anaerobic conditons as 
compared to oxygen-limited conditions.  When anaerobically cultured in a mixture of glucose 
and xylose (YPD70X40), the DX123 strain consumed xylose slowly but utilized xylose at a 
constant rate without accumulating acetate (Fig. 3D).  The DGX23 strain, however, stopped 
consuming xylose when glucose was depleted (at 24 h) and all other metabolites and biomass 
concentrations did not change until 72 h (Fig. 3E).  These results clearly suggested that the strain 
overexpressing NADPH-specific GRE3 with NAD
+
-specific XYL2 had a severe redox imbalance 






3.3.6 GRE3 overexpression in a different strain background 
Our fermentation results by engineered S. cerevisiae strains overexpressing GRE3 are 
somewhat contradictory to previous reports that S. cerevisiae strains overexpressing GRE3 were 
not able to ferment xylose efficiently (Richard et al., 1999; Toivari et al., 2004).  As we cannot 
rule out the possibility that our host strain background (D452-2) might have caused the opposite 
outcomes, we cross-validated our results through introducing the identical cassette expressing 
GRE3 into S. cerevisiae CEN.PK2-1D, a laboratory strain which has been used for xylose 
fermentation study extensively (Thanvanthri Gururajan et al., 2007; Toivari et al., 2004; Träff-
Bjerre et al., 2001; van Dijken et al., 2000; Van Vleet et al., 2008).  After transforming  the 
CEN.PK2-1D strain by the pSR6-GX23 plasmid that was used for constructing the DGX23 
strain, a transformant was obtained and named CGX23 (GRE3, XYL2, and XYL3).  When 
fermenting a mixture of glucose and xylose, the CGX23 strain showed very similar phenotypes 
as compared to the DGX23 strain (Fig. 3C).  After fast consumption of glucose, the CGX23 
strain showed decent xylose consumption and ethanol production without acetate accumulation 
(Table 4).  This result indicates that overexpression of GRE3 along with XYL2 and XYL3 can 
facilitate efficient xylose fermenation regardless of host strain backgrounds. 
 
3.4 Discussion 
Engineered S. cerevisiae strains expressing XYL1, XYL2, and XYL3 (or S. cerevisiae 
XKS1) from Sch. stipitis exhibited inefficient xylose fermentation, which are characterized by 
xylitol accumulation, slow xylose utilization, and low ethanol production (Hector et al., 2011; Jin 





cofactor requirements of NAD(P)H-specific XR and NAD
+
-specific XDH originated from Sch. 
stipitis are not matched, the redox imbalance was hypothesized to cause overall inefficiency of 
xylose fermentation by engineered S. cerevisiae (Hou et al., 2009; Jeppsson et al., 2002; Jin et al., 
2004; Kötter and Ciriacy, 1993; Richard et al., 2006; Verho et al., 2003).  Therefore, numerous 
studies attempted to minimize or alleviate the cofactor imbalance through protein engineering 
approaches where cofactor specificities of XR or XDH were altered using random or rational 
mutagenesis (Bengtsson et al., 2009; Jeppsson et al., 2006; Krahulec et al., 2010; Petschacher 
and Nidetzky, 2008; Watanabe et al., 2007a; Watanabe et al., 2007b; Watanabe et al., 2007c).  
First, NADPH-linked XR activity was reduced to exhibit more NADH-linked XR activity to 
match with NAD
+
-linked XDH (Bengtsson et al., 2009; Jeppsson et al., 2006; Krahulec et al., 
2010; Petschacher and Nidetzky, 2008; Watanabe et al., 2007a).  Second, NAD
+
-linked XDH 
was altered to exhibit NADP
+
-linked XDH activity to match with NADPH-linked XR (Watanabe 
et al., 2007b; Watanabe et al., 2007c).  While these approaches decreased xylitol yields from 
xylose, other parameters such as a xylose uptake rate and ethanol yields were not always 
improved accordingly (Bengtsson et al., 2009; Jeppsson et al., 2006; Krahulec et al., 2012; 
Petschacher and Nidetzky, 2008).  It was also reported that the primary cause that delayed xylose 
assimilation by engineered S. cerevisiae might not be redox imbalance but low ATP production 
duirng xylose fermenation (Sonderegger et al., 2004).  Moreover, it should be noted that Sch. 
stipitis can assimilate and efficiently ferment xylose using the same unbalanced XR/XDH 
pathway without accumulating xylitol (Ligthelm et al., 1988).  These results suggest that redox 
imbalance caused by the cofactor difference between XR and XDH might not be a major 





S. cerevisiae AR encoded by GRE3 reduces xylose into xylitol using NADPH exclusively 
as a cofactor (41, 44).  Therefore, maintaining cellular redox would be more challenging when 
overexpressing XYL2 with GRE3 instead of XYL1.  Indeed, previous studies have reported that 
engineered S. cerevisiae overexpressing GRE3 and XYL2 with or without XKS1 overexpression 
were not able to assimilate xylose efficiently (Toivari et al., 2004; Träff et al., 2002).  In addition, 
accumulation of acetate by an engineered S. cerevisiae strain overexpressing GRE3 during 
xylose fermentation was interpreted as a consequence of a metabolic reconfiguration to produce 
extra NADPH through oxidizing acetaldehyde to acetate (Träff et al., 2002; Van Zyl et al., 1993).  
Contrary to the previous reports and hypotheses, we observed that an engineered S. cerevisiae 
strain overexpressing GRE3 along with optimized expressions of XYL2 and XYL3 exhibited not 
only better xylose-fermenting capabilities, but also less acetate accumulation than the strain 
expressing XYL1 under oxygen-limited conditions. 
While we speculate that different genetic and environmental conditions among the 
studies might have caused the inconsistent results, it is worthwhile to deliberating.  First, the 
strain overexpressing GRE3, XYL2, and XYL3 (DGX23) in this study had decent XR and XDH 
activities, which were similar to those of the strain overexpressing XYL1, XYL2, and XYL3 
(DX123).  A strong expression of the XYL2 gene in both of the DX123 and DGX23 strains was 
not to accumulate xylitol, as reported previously (Kim et al., 2012).  Indeed, both the DGX23 
and DX123 strains accumulated only less than 2 g/liter of xylitol (0.02-0.03 g/g xylose) during 
40 g/liter of xylose fermentations performed in this study.  In the previous studies reporting 
opposite results from ours, however, strains overexpressing GRE3 had much less XR activity 
than those expressing XYL1, and/or had accumulated a significant amount of xylitol (~0.18-0.5 





optimized (Toivari et al., 2004; Träff et al., 2002).  In both cases, suboptimal states of the 
AR/XDH pathway due to insufficient expression levels of the GRE3 or XYL2 genes could have 
been a major cause hindering efficient xylose metabolism by strains overexpressing GRE3 and 
XYL2.  Second, fermentation experiments in this study were conducted under oxygen-limited 
conditions unless noted as strict anaerobic, and used complex media (YP) containing abundant 
nutrients. These favorable conditions for cellular metabolism would partially compensate for 
metabolic defects such as redox imbalance.  As the redox imbalance between GRE3 and XYL2 
require molecular oxygen to regenerate NAD
+
, previous experimental conditions using rubber 
stoppers (Träff et al., 2002) and/or defined media containing fewer nutrients than YP would have 
limited the xylose-fermenting capability of strains overexpressing GRE3. 
Based on our results, we can conclude that even completely unbalanced cofactor usage 
between GRE3 and XYL2 can support efficient xylose fermentation without xylitol secretion 
under oxygen-limited conditions if the overall xylose metabolic pathway is optimized.  The 
amounts of xylitol accumulated by the GRE3-overexpressing DGX23 strain and the XYL1-
overexpressing DX123 strain were similarly low, which suggests that the expression level of 
XYL2 might determine the xylitol accumulation, regardless of the cofactor preference of the XR 
and AR enzymes.  Follow-up studies need to be performed in order to discover detailed 
mechanisms of regenerating cofactors by a strain overexpressing GRE3 and XYL2 during xylose 







3.5 Figures and Tables 
 
 
Fig. 3.1  Comparison of xylose consumption by S. cerevisiae D452-2 (A; wild type) and DX23 
(B; D452-2 expressing XYL2 and XYL3).  Symbols: xylose (square), biomass (circle), xylitol 









Fig. 3.2  Comparison of xylose fermentation by S. cerevisiae DX123 (A; D452-2 expressing 
TDH3P-XYL1, TDH3P-XYL2, and TDH3P-XYL3), DGX23 (B; D452-2 expressing TDH3P-GRE3, 
PGK1P-XYL2, and TDH3P-XYL3), and DGX23
LOW
 (C; D452-2 expressing TDH3P-GRE3, 
TDH3P-XYL2, and TDH3P-XYL3) in YP medium containing 40 g/liter of xylose (YPX).  Symbols: 








Fig. 3.3  Comparison of glucose and xylose fermentation by S. cerevisiae DX123 (a and c; 
D452-2 expressing XYL1, XYL2, and XYL3), DGX23 (b and d; D452-2 expressing GRE3, XYL2, 
and XYL3), and CGX23(e; CEN.PK2-1D expressing GRE3, XYL2, and XYL3) in YP medium 
containing 70 g/liter of glucose and 40 g/liter of xylose (YPD70X40) under oxygen-limited (a,b, 
and e) or strict anaerobic (c and d) conditions.  Symbols: glucose (triangle down), xylose 






Table 3.1  Plasmids and strains used in this study 
 Characteristics References 
Plasmids   
pSR6-X23 pRS306 PGK1P−XYL2−PGK1T TDH3P−XYL3−TDH3T  (Kim et al., 2012) 
pSR6-X123 pRS306 TDH3P−XYL1−TDH3T PGK1P−XYL2−PGK1T TDH3P−XYL3−TDH3T  (Kim et al., 2012) 
pSR6-GX23 pRS306 TDH3P−GRE3−CYC1T PGK1P−XYL2−PGK1T TDH3P−XYL3−TDH3T This study 
pSR6-GX23-Low pRS306 TDH3P−GRE3−CYC1T TDH3P−XYL2-TDH3T TDH3P−XYL3−TDH3T This study 
S. cerevisiae   
D452-2 MATα leu2 ura3 his3 (Hosaka et al., 1992) 
DX23 D452-2 ura3::URA3 pSR6-X23 This study 
DX123 D452-2 ura3::URA3 pSR6-X123 (Kim et al., 2012) 
DGX23 D452-2 ura3::URA3 pSR6-GX23 This study 
DGX23-Low D452-2 ura3::URA3 pSR6-GX23-Low This study 
CEN.PK2-1D MATα leu2 ura3 trp1 his3 (Entian et al., 2007) 








Table 3.2  Primers used in this study 
Primers Characteristics Sequences 
Jin38 PGK promoter forward with BamHI
1)
 GCCGGATCCAGACGCGAATTTTTCGAAGAAGTACCTTCA 
Jin39 PGK promoter reverse with XYL2 overhanging
2)
 agggttagcagtcatTTTTTTATATTTGTTGTAAAAAGTAGATAA 
Jin40 XYL2 forward ATGACTGCTAACCCTTCCTTGGTGTT 
Jin41 XYL2 reverse TTACTCAGGGCCGTCAATGAGACACT 
Jin42 PGK terminator forward with XYL2 overhanging tgacggccctgagtaaATTGAATTGAATTGAAATCGATAGATCAA 
Jin43 PGK terminator reverse with HindIII TTCTCGAAAGCTTTAACGAACGCAGA 
Jin128 T7 TACGACTCACTATAGGGCGAATTG 
Jin129 T3 CCTCACTAAAGGGAACAAAAGCTG 
Jin196 GRE3 forward with BamHI GCCGGATCCAAAAATGTCTTCACTGGTTACTCTTAA 
Jin197 GRE3 reverse with SalI GGCGTCGACTCAGGCAAAAGTGGGGAATT 
1)
Restriction enzyme sites were underlined. 
2)







Table 3.3  Xylose reductase (XR) and xylitol dehydrogenase (XDH) activities (U/mg protein) of 
the DX123 strain expressing XYL1, XYL2, and XYL3 and the DGX23 strain overexpressing 










DX123 0.037  0.002 0.116  0.019 0.926  0.073 








Table 3.4  Fermentation parameters
1)
 of the DX123 strain expressing XYL1, XYL2, and XYL3 and 
the DGX23 strain expressing GRE3, XYL2, and XYL3 using YPX40 and YPD70X40 under 
oxygen-limited or strict anaerobic conditions 
Conditions Media Strains YEtOH PEtOH PEtOH* 
Oxygen-limited YPX40
2)
 DX123 0.23 ± 0.01  0.10 ± 0.03 0.06 ± 0.01 
DGX23 0.29 ± 0.02 0.13 ± 0.03 0.07 ± 0.01 
YPD70X40
3)
 DX123 0.39 ± 0.01 0.74 ± 0.07 0.20 ± 0.00 
DGX23 0.41 ± 0.00 0.85 ± 0.01 0.21 ± 0.00 
Completely anaerobic YPD70X40  DX123 0.44 ± 0.00 0.80 ± 0.06 0.37 ± 0.02 
DGX23 0.45 ± 0.00 0.72 ± 0.01 0.32 ± 0.00 
1)
Fermentation parameters: YEtOH, ethanol yield (g/g sugars), PEtOH, ethanol productivity 
(g/liter/h), PEtOH*, specific ethanol productivity (g/g cell/h). 
2)
YP medium containing 40 g/liter of xylose, calculated at 72 h of fermentation. 
3)
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CHAPTER IV ELUCIDATION OF NECESSARY GENETIC 
PERTURBATIONS TO CONSTRUCT EFFICIENT XYLOSE-







Global climate changes and the soaring price of oil have evoked the desire for renewable 
and sustainable fuel production. A practical solution to the energy crisis is to produce biofuels 
from plant biomass (Farrell et al., 2006; Somerville, 2007). Although corn and sugarcane ethanol 
production in the US and Brazil have successfully established their markets, efforts to develop 
more sustainable (cellulosic; made from agricultural residues, perennial grasses, etc.) and more 
useful (drop-in; biodiesel, biobutanol, etc.) biofuels are still ongoing (Hill et al., 2006; Lynd et 
al., 2008; Rubin, 2008; Steen et al., 2011; Stephanopoulos, 2007). One of the challenges for 
producing next generation of biofuels is that microorganisms do not metabolize mixed sugars 
derived from cellulosic biomass as efficiently as glucose derived from corn and sugarcane. Corn 
stover hydrolyzate, for example, consists of glucose, xylose, and some minor sugars (less than 10% 
of total sugars) such as fructose, arabinose, and galactose (Mosier et al., 2005). 
Saccharomyces cerevisiae, which is currently being used to produce corn ethanol, does 
not natively assimilate xylose (Hahn-Hägerdal et al., 2006). Two xylose-assimilating pathways 
have been identified from other fungi or bacteria (Zaldivar et al., 2001). Introduction of the 
fungal pathway from Scheffersomyces stipitis or other fungi, consisting of xylose reductase (XR, 
coded by XYL1) and xylitol dehydrogenase (XDH, coded by XYL2), into S. cerevisiae is the most 
common strategy to engineer xylose-assimilating S. cerevisiae (Ho et al., 1998; Kötter et al., 
1990; Tantirungkij et al., 1993; Toivari et al., 2001; Walfridsson et al., 1995). Xylose isomerase, 
mostly found in bacteria, is the other pathway that has also been functionally expressed in S. 
cerevisiae (Brat et al., 2009; Ha et al., 2011; Karhumaa et al., 2007; Kuyper et al., 2005; 
Madhavan et al., 2009; Walfridsson et al., 1996). Both pathways are often companied with the 





fluxes from the heterologous xylose-assimilating pathway to the native pentose phosphate 
pathway (Madhavan et al., 2009; Toivari et al., 2001). The xylose fermentation by these 
engineered S. cerevisiae strains, however, was not as efficient as glucose fermentation in respect 
of the rate and the ethanol yield (Ho et al., 1998). This prevented the yeast from being applied 
and developed for the production of cellulosic fuels including cellulosic ethanol. 
Rational metabolic engineering strategies have been performed to improve the xylose 
metabolism of S. cerevisiae engineered by the heterologous xylose-assimilating pathway. Some 
studies performed overexpression of endogenous hexose transporters or heterologous xylose-
specific transporters to improve the xylose transport of the engineered S. cerevisiae (Tanino et al., 
2012; Young et al., 2011; Young et al., 2012). Some other studies investigated xylose-
assimilating genes from various microorganisms, and manipulated the expression levels, codon 
usage, or cofactor preference of those genes in order to build a better xylose-assimilating 
pathway (Brat et al., 2009; Jeppsson et al., 2006; Krahulec et al., 2010; Walfridsson et al., 1997; 
Watanabe et al., 2007a). In regards to the pentose phosphate pathway, the overexpression of 
several genes (XKS1, TAL1, etc.) contributed to the improved xylose assimilation rate 
(Matsushika et al., 2012; Toivari et al., 2001). Other metabolic pathways such as acetate 
biosynthesis and ammonia assimilation were studied to prevent acetate accumulation (ALD6 
deletion) (Lee et al., 2011) and to improve cofactor regenerations (GDH2 overexpression) (Roca 
et al., 2003) during xylose metabolism, respectively. 
Meanwhile, reverse metabolic engineering strategies have been explored to deal with the 
unknown complexities of xylose metabolism that the rational approaches could not investigate. 
Numerous studies developed strains with improved xylose utilization through laboratory 





screening, random transposon mutagenesis, and transcriptome analysis identified gene targets, 
the overexpression or deletion of which could facilitate xylose metabolism (Bengtsson et al., 
2008; Jin et al., 2005; Kim et al., 2012; Ni et al., 2007; Usher et al., 2011). Some known genes 
such as XYL2, XKS1, and TAL1 were confirmed as overexpression targets to improve xylose-
fermenting capability (Bengtsson et al., 2008; Kim et al., 2012; Ni et al., 2007). A lot of 
unknown genes such as PHO13 and YLR042C were also found as deletion targets to improve 
xylose metabolism (Bengtsson et al., 2008; Ni et al., 2007).  However, the mechanisms of 
pho13Δ and ylr042Δ have not been elucidated yet. 
In the present study, we integrated both rational and reverse metabolic engineering 
strategies to determine necessary genetic perturbations facilitating fast and efficient xylose 
metabolism by engineered S. cerevisiae.  First, we optimized the xylose-assimilating pathway to 
maximize the ethanol yield without xylitol accumulation.  Second, the strain was subjected to 
laboratory evolution to overcome the xylose toxicity induced above 10 g/l of xylose.  Third, we 
also resolved the acetate accumulation problem by which xylose metabolism was impeded.  
Impressive xylose-fermenting capabilities of the final engineered strain were demonstrated under 
various conditions, including mixtures of glucose and xylose, extremely high concentrations of 
xylose, and acid hydrolyzates of cellulosic biomass. 
 
4.2 Materials and Methods 
 
4.2.1 Strains, plasmids, and media 





D10 refers to the D10-1, D10-2, D10-3, D10-4, D10-5, and D10-6 strains generated by 
integrating HpaI-treated pYS10 at the leu2 locus of the D452-2 genome. Due to Ty2 sequences 
adjacent to the LEU2 gene in the pYS10 plasmid, some integrants (D10-5 and D10-6) which 
showed higher XR activity might have had multiple integrations of the plasmid at the Ty2 loci. 
Quantitative PCR results suggested that D10-6 had approximately 5 copies of XYL1 in the 
genome (data not shown). 
Cells were cultured in YP medium (10 g/l yeast extract and 20 g/l peptone) containing 
glucose (YPD), xylose (YPX), or a mixture of glucose and xylose (YPDX). The concentrations 
of the sugars were displayed as numbers following their initials (e.g., YPX40, YP medium 
containing 40 g/l xylose; YPD70D40, YP medium containing 70 g/l glucose and 40 g/l xylose), 
except YPD, which contained 20 g/l glucose. 
 
4.2.2 Enzyme assay 
XR and XDH activities were determined as follows:  
Cells were grown aerobically in YPD and harvested in an exponential phase. The cells 
were washed with water, resuspended in Y-PER soultion (Pierce, Rockford, IL, USA), and 
incubated for 20 min at room temperature. After centrifugation of the cell suspension for 10 min 
at 4
o
C, the supernatant (crude enzyme extracts) was obtained and kept on ice. XR activity was 
tested in 1 ml of reaction solution containing 0.7 ml of 50 mM sodium phosphate buffer (pH 6.5), 
0.1 ml of the cell extracts, 0.1 ml of 2 mM NADPH, and 0.1 ml of 1 M xylose. XDH activity was 
tested in 1 ml of reaction solution containing 0.7 ml of 50 mM Tris buffer (pH 9), 0.1 ml of the 
cell extracts, 0.1 ml of 2 mM NAD, and 0.1 ml of 1 M xylitol. The rate of absorbance change 





10; ThermoFisher Scientific, Waltham, MA). The conversion factors of NADPH and NADH 
were 0.2410 and 0.2227 µmol/Δabs, respectively (based on 1 ml reaction volume). One unit (1 U) 
of enzyme was defined by the conversion of 1 µmol NADPH or NAD per minute. The units 
were normalized by the amount of total protein (mg) measured by a BCA protein assay kit 
(Pierce). 
Phosphatase activity was measured as described previously (Puts, 2010). Cells were 
grown aerobically in YPD containing 200 ug/ml G418, and their crude cell extracts were 
prepared as mentioned above. Fifty-microliters of reaction solution contained 50 mM Tris-HCl 
(pH 7.5), 5 mM MgCl2, 1 mM DTT, 5 ul of the cell extracts, and 4 mM of a substrate (para-
nitrophenylphosphate or xylulose-5-phosphate). The enzyme solution was incubated at 30
o
C for 
30 min, and quanched by adding 250 ml of 2 mM EDTA. Inorganic phosphate released from the 
substrates was measured by a Malachite green phosphate assay kit (BioAssay Systems, Hayward, 
CA). One unit (1 U) of enzyme was defined by the liberation of 1 µmol phosphate per minute. 
The unites were normalized by the amount of total protein (mg) used in the reaction solution. 
 
4.2.3 Specific xylose consumption rates of the D10 strains 
The D10 strains harboring multiple genomic copies of XYL1 were precultured in 5 ml 
YPD, and inoculated in 50 ml YPD40X40 at an initial cell density of 0.1 g/l. The cultures were 
incubated at 30
o
C and 250 rpm for 4 days for the cells to convert the xylose to xylitol while 
aerobically assimilating the ethanol produced from the glucose. Their specific xylose 






4.2.4 Specific growth rates of SR7 in various xylose concentrations 
 The growth of SR7 was monitored by the Bioscreen C platereader system 
(Growth Curves USA, Piscataway, NJ). A YPD culture of SR7 was used to inoculate 250 ul of 
YP medium containing various concentrations of xylose in a honeycomb microplate at a cell 
density of 1 × 10
6
 cells/ml. The plate was incubated at 30
o
C and subjected to medium shaking for 
24 h. The optical density at 600 (OD600) was monitored every 30 min, and the results were used 
to calculate the specific growth rates (1/h) during an exponential phase (Fig. 4.4). 
 
4.2.5 Fermentation 
All fermentation experiments were performed by resuspending YPD-grown cells in 50 ml 
of fermentation media in a 250-ml erlenmeyer flask at an initial cell density of 0.3 g/l. The 
fermentation flasks were incubated at 30
o
C and 100 rpm to maintain an oxygen-limited condition. 
Every 12 hours of fermentation, 1 ml of the samples was taken to measure the OD600, pH, and 
metabolite concentrations. 
 
4.2.6 HPLC analysis 
The glucose, xylose, xylitol, glycerol, acetate and ethanol concentrations of the samples 
were analyzed by high performance liquid chromatography (HPLC, Agilent Technologies 1200 
Series) equipped with a refractive index detector and a Rezex ROA-Organic Acid H+ (8%) 
column (Phenomenex Inc., Torrance, CA). The column was eluted with 0.005 N of H2SO4 at a 








4.2.7 Genome sequencing and SNP discovery 
The genomic DNA of SR7, SR7e1, SR7e2, and SR7e3 was prepared with the YeaStar 
Genomic DNA Kit (Zymoresearch, Orange, CA), and its quality was confirmed on a 1% agarose 
gel. Library Construction of libraries fand sequencing on the Illumina HiSeq2000 were 
performed at the W. M. Keck Center for Comparative and Functional Genomics at the University 
of Illinois at Urbana-Champaign. The barcoded shotgun genomic DNA libraries were 
constructed with the TruSeq Sample Prep Kit following the manufacturer's manual (Illumina, 
San Diego, CA), and then quantitated by fluorometry (Qubit), a bioanalyzer (Agilent), and 
quantitative PCR. The diluted libraries (10 mM) were pooled in equimolar concentration and 
multiplexed on a lane and sequenced from one end (single-reads) for 100 nt with an Illumina 
HiSeq2000 using SBS chemistry version 2. The raw data were processed with Casava 1.7. 
Each sample yielded approximately 10 million reads, and the average quality scores per base 
were higher than 30 (Solexa scale: 40 = highest, -15 = lowest). All fastq files are deposited in the 
SRA. SNP analysis was performed using CLC Genomics Workbench version 5.1. Reads were 
trimmed based on quality scores using default program settings. The trimmed reads were mapped 
to an S288C reference sequence (obtained from Genbank). SR7, SR7e1, SR7e2, SR7e3 SNPs 
were identified using a coverage cutoff of 10, 90% minimum variant frequency, expected 
number of variants 1. Each strain yielded approximatly 5,000 SNPs relative to S288C. SNPs 
unique to SR7e1, SR7e2, SR7e3 relative to SR7 were then identified by comparing these SNP 






4.2.8 Fermentation of acid hydrolyzate of corn stover 
Dilute-acid hydrolyzate of corn stover was provided by National Renewable Energy 
Laboratory (NREL, Golden, CO, USA). The hydrolyzate slurry was diluted with water by 40% 
(w/v), and the pH was adjusted to 6.0 by NaOH. For isolating the liquid fraction, the hydrolyzate 
solution was centrifuged and filtered by a membrane (0.2 µm). For simultaneous saccharification 
and fermentation (SSF), 2 % cellulose and 0.4% cellobiose were added to the total hydrolyzate 
solution. All fermentations were performed in 250 ml of Erlenmeyer flask containing 50 ml of 
the hydrolyzate under the oxygen-limited conditions (100 rpm). Cells were inoculated at an 
initial OD 1. 
 
4.3  Results 
 
4.3.1 Xylose reductase (XR) activity determines xylose consumption rate 
We hypothesized that a xylose consumption rate by engineered S. cerevisiae might be 
determined by the first enzyme reaction catalyzed by XR (XYL1) when cofactors are sufficient 
for the reaction. In order to test the hypothesis, we constructed various strains that exhibited 
different XR activities through multiple integration of the XYL1 gene at δ sequences of the Ty2 
LTRs on the genome of S. cerevisiae D452-2.  We selected 8 integrants (D10), and tested XR 
activities of crude cell extracts from the strains.  While 6 transformants showed XR activity at 
0.08-0.20 U/mg protein, 2 transformants had approximately 4 times (D10-5) and 7.5 times (D10-
6) higher XR activity, suggesting that XYL1 was integrated into multiple sites in the genome of 
the D10-5 and D10-6 strains.  We selected 5 representative integrants and examined their xylose 





integrants were determined when they were growing aerobically on a mixture of glucose and 
xylose.  After the cells converted all glucose into ethanol, the produced ethanol was 
simultaneously co-consumed with xylose.  Because the integrants lacked a xylose metabolic 
pathway, the consumed xylose was secreted as xylitol at a constant rate, using the ethanol as the 
energy source.  The integrants that had high XR activity also had higher specific xylose 
consumption rates than the others (Fig. 4.1) before the xylose consumption rate was saturated 
(D10-5 and D10-6).  The wild type strain also had a basal level for specific xylose consumption 
rate by the action of endogenous aldose reductases. 
 
4.3.2 Construction of various xylose-assimilating strains by altering copy numbers of 
xylose-assimilating genes 
Our previous study had suggested that high expression levels of XYL2, achieved by a 
strong promoter (PGK1), prevent xylitol accumulation and enhance ethanol production by 
engineered S. cerevisiae strains expressing XYL1, XYL2, and XYL3 (Kim et al., 2012).  In this 
present study, we wanted to discover how relative expression levels of XYL2 and XYL1 would 
affect fermentation phenotypes.  Using the D10-6 strain that showed the highest XR activity by 
multiple integration of XYL1 at δ sequences, we developed the SR6 strain by genome-integrating 
an expression cassette containing XYL1, XYL2, and XYL3 into the URA3 locus.  The SR6 strain, 
therefore, was used to represent a strain expressing XYL1 at a higher level than XYL2 and XYL3.  
The SR7 strain, constructed by genome-integrating additional copies of XYL2 and XYL3 into the 
SR6 strain, represented a strain expressing the three genes at a high and balanced level.  The SR6 
and SR7 strains were compared to the DX123 strain (Kim et al., 2012) which had one genome-





Variations in copy numbers of XYL1 and XYL2 in the DX123, SR6, and SR7 strains 
resulted in altered enzymatic activities of XR and XDH (Fig. 4.2).  The SR6 strain had about 4 
times higher XR activity than the DX123 strain, suggesting multiple integrations of XYL1 in the 
SR6 strain.  The SR7 strain had approximately 2 times higher XDH activity than the DX123 
strain, suggesting duplicate copies of XYL2 in the SR7 strain, as we designed.  Some results, 
however, did not correlate with the genomic copy numbers.  The SR6 strain had lower XDH 
activity than the DX123 strain, and the SR7 strain had lower XR activity than the SR6 strain, 
while they were supposed to have the same copy numbers of XYL2 and XYL1, respectively. We 
speculated that there might be an interaction between the XR and XDH activity when one is 
much higher than the other. Confirmation of the genomic copy numbers of the genes would 
provide substantial evidence for our idea. 
 
4.3.3 Expression levels of xylose reductase (XR) and xylitol dehydrogenase (XDH) control 
xylose fermentation patterns 
We investigated how the various xylose-fermenting strains with different copy numbers 
of XYL1, XYL2, and XYL3 ferment xylose or a mixture of glucose and xylose under oxygen-
limited conditions.  When fermenting xylose as a sole carbon source, all three strains showed 
similar xylose consumption rates (0.16-0.21 g/h g-cells), possibly due to limitations in the 
cofactor regeneration for XR (Fig. 4.3a).  Their fermentation product patterns, however, were 
significantly different.  The SR6 strain expressing high levels of XYL1 accumulated a large 
amount of xylitol (0.36 g/g xylose) without producing ethanol.  On the other hand, the DX123 
and SR7 strains with balanced expressions of XYL1 and XYL2 produced ethanol and accumulated 





xylose pathway produced the highest amount of ethanol with a yield of 0.24 g/g xylose.  Acetate 
accumulation more than 1 g/l by the DX123 strain might be associated with why the DX123 
strain did not produce as much ethanol as the SR7 strain because higher acetate concentration 
could decrease the medium pH to its pKa value (4.8) where acetate become toxic to yeast. 
The differences among the DX123, SR6, and SR7 strains became more obvious when 
fermenting a mixture of glucose (70 g/L) and xylose (40 g/L), representing general sugar 
compositions of cellulosic biomass (Fig. 4.3b).  While their glucose consumption rates were 
similar, the specific xylose consumption rate (0.11 g/h g-cells) of the DX123 strain was much 
slower than those (0.22-0.25 g/h g-cells) by the other strains, resulting in low ethanol production 
by the DX123 strain.  The DX123 and SR7 strains with balanced expressions of XYL1 and XYL2 
did not accumulate xylitol significantly (0.01-0.05 g/g xylose), as expected.  Interestingly, the 
SR6 strain expressing higher XYL1 than XYL2 produced less xylitol (0.13 g/g xylose) than when 
fermenting only xylose (0.48 g/g xylose).  As a result, the SR6 strain produced as much ethanol 
as the SR7 strain when fermenting a mixture of glucose and xylose.  This improved xylose 
fermentation from a glucose and xylose mixture by the SR6 strain as well as the SR7 strain 
suggested that high expression levels of XYL1 provide benefits in the xylose consumption rate 
when the required cofactors are regenerated efficiently through the glucose metabolism. 
 
4.3.4 High concentration of xylose inhibits its metabolism 
When cultured in 40 g/l xylose as a sole carbon source (Fig. 4.3a), the SR7 strain 
exhibited a long lag time, suggesting that some limitations or inhibitory mechanisms hindering 
xylose consumption might exist in the SR7 strain.  We investigated if the delayed xylose 





concentration was increased from 1 to 10 g/l, the specific growth rates increased as well.  From 
20 g/l xylose, however, the growth rate decreased drastically as the initial xylose concentration 
increased.  When the SR7 strain was cultured in 40 g/l xylose, no significant cell growth was 
observed during 24 hours of incubation.  This finding suggested that high concentrations of 
xylose severely inhibit its metabolism and the cell growth of engineered S. cerevisiae expressing 
XYL1, XYL2, and XYL3. The engineered strains may need to overcome the inhibition factors to 
start metabolizing 40 g/l xylose, resulting in a long lag time. It is uncertain if the inhibitory 
effects are completely resolved once the cells start metabolizing the xylose. 
 
4.3.5 Laboratory evolution of xylose-fermenting S. cerevisiae 
We hypothesized that the growth inhibition by high concentrations of xylose would be 
strong enough to induce suppressor mutations in the genome of xylose-fermenting S. cerevisiae.  
Long-term adaptation of the SR7 strain to xylose would accelerate the spontaneous mutations 
and any mutants harboring beneficial mutations for efficient xylose metabolism would 
outcompete the other cells.  This laboratory evolution idea was tested by inoculating the SR7 
strain in 40 g/l xylose at an initial OD600 of 0.1, and by transferring the grown culture to a new 
medium at a late log phase (OD600 of 5) to prevent the growth of non-desired mutants like 
ethanol consumers.  The serial subcultures were repeated until changes in the phenotypes of each 
culture stabilized.   
Between the second and third subcultures of the SR7 strain, there was a huge 
improvement in growth rate and ethanol yield, suggesting that adaptation or advantageous 
mutations happened in the evolved strains (Fig. 4.5a).  Throughout the later subcultures, 





randomly selected from the last subculture.  After precultured in glucose to eliminate an 
adaptation effect, the three evolved strains were evaluated in 40 g/l xylose as compared with the 
parental strain (SR7) (Fig. 4.5b and c).  All evolved strains exhibited significantly improved 
phenotypes that fermented xylose much more efficiently than the SR7 strain.  As the 
fermentation time scale decreased from 5 days to approximately 1 day, the specific xylose 
consumption rate of the evolved strains improved from 0.19 to 0.66 (g/h g-cells). Moreover, the 
ethanol yield increased drastically from 0.20 to 0.35 (g/g xylose) as well. 
 
4.3.6 Identification of genetic element that caused improved xylose metabolism of the 
evolved SR7 strains 
The whole genome of the wild type SR7 and the three evolved SR7 strains were 
sequenced and compared to discover the genetic changes of the evolved strains which were 
responsible for their improved phenotypes (Table 4.1). First, we identified approximately 50 
SNPs from each evolved strain. Among them, 20% were located in CDS, and only two SNPs had 
changed amino acid sequences. Finally, we found that PHO13, the gene coding for alkaline 
phosphatase, was mutated in the all three strains. 
Although the biological function of the PHO13 gene was not clearly elucidated, three 
previous studies reported that its deletion could improve xylose fermentation by engineered S. 
cerevisiae (Fujitomi et al., 2012; Ni et al., 2007; Van Vleet et al., 2008).  Based on the previous 
findings, we hypothesized that the two different mutant PHO13 genes in the evolved strains had 
lost their functionality.  To test this, we compared the SR7, SR7e3, and SR7 pho13Δ strains in 40 
g/l xylose (Fig. 4.6). Although the wild type SR7 strain did not show any significant metabolic 





xylose and produced ethanol efficiently. The identical metabolic patterns of the SR7e3 and SR7 
pho13Δ strains suggested that loss of the function of PHO13 might cause the improved xylose 
fermentation by engineered S. cerevisiae expressing XYL1, XYL2, and XYL3.  
 
4.3.7 Deletion of PHO13 in various xylose-assimilating strains confirms importance of the 
pathway optimization 
We tested how the deletion of PHO13 would affect xylose metabolism of the DX123, 
SR6, and SR7 strains expressing a different xylose-assimilating pathway. All of the pho13Δ 
mutants of the DX123, SR6, and SR7 strains showed improved xylose consumption rates and 
ethanol yields when fermenting 40 g/l of xylose (Fig. 4.7). However, the degree of the 
improvement and xylitol yields varied among strains depending on their xylose-assimilating 
pathways. Specifically, the SR6 strain, which accumulates a large amount of xylitol due to 
relatively low expression level of XYL2 compared to XYL1, produced a double amount of xylitol 
after deleting PHO13.  The SR7 strain with balanced and high expressions of xylose-assimilating 
pathway showed the highest improvement after the deletion of PHO13 among the three strains: it 
yielded the highest xylose-assimilating rate and the highest ethanol yield while producing the 
least amount of xylitol. These results suggest that the deletion of PHO13 relives some limitations 
in xylose consumption by S. cerevisiae expressing the heterologous xylose-assimilating pathway 
(XYL1, XYL2, and XYL3). However, it did not alter the original fermentation patterns determined 
by the expression levels of XYL1, XYL2, and XYL3. Therefore, we speculated that the Pho13p 
enzyme might inhibit xylose consumption of engineered S. cerevisiae directly or indirectly 





The inhibitory action of Pho13p on xylose fermentation might be related to the xylose 
toxicity (the delayed cell growth in high concentrations of xylose). After deleting PHO13 in the 
SR7 strain, the lag time in 40 g/l of xylose decreased from > 24 h to 10 h (Fig. 4.7f and e). 
However, the growth rate of the SR7 pho13Δ mutant in 40 g/l of xylose was still lower than the 
rates in 5 or 10 g/l of xylose (Fig. 4.7 e). Because the xylose toxicity was not completely 
resolved by the deletion of PHO13, there might be other enzymes or mechanisms causing the 
xylose toxicity than the Pho13p activity. 
 
4.3.8 Mechanism of the inhibitory action of Pho13p on xylose metabolism 
Although the advantage of the PHO13 deletion for xylose metabolism has been reported 
in previous studies (Fujitomi et al., 2012; Ni et al., 2007; Van Vleet et al., 2008), the mechanism 
has not been clearly described. One study characterized S. cerevisiae Pho13p as a member of the 
haloacid dehalogenase (HAD)-like hydrolase superfamily, and proposed phosphatase activity of 
Pho13p on xylulose-5-phosphate (Kuznetsova, 2009) as the inhibitory mechanism of Pho13p on 
xylose metabolism. To test this hypothesis, we measured in vitro phosphatase activity of crude 
enzyme extracts from the SR7 pRS423 (control), SR7 pho13Δ, and SR7 pRS423-PHO13 
(PHO13-overexpressing mutant) strains using xylulose-5-phosphate as a substrate. para-
nitrophenyl phosphate (pNPP), an artificial phosphatase substrate, was also used as a positive 
control (Tuleva et al., 1998).  The phosphatase activity of the enzyme extracts on both pNPP and 
xylulose-5-phosphate showed a similar pattern (Fig. 4.8): it slightly decreased by the deletion of 
PHO13 and significantly increased by the overexpression of PHO13.  The confirmed 





metabolism by causing a futile cycle with strong expression of the XK gene, which might deplete 
ATP and block the following xylose metabolism. 
 
4.3.9 Disruption of acetaldehyde dehydrogenase (ALD6) facilitates xylose fermentation by 
preventing acetate accumulation 
Although the evolved strain SR7e3 exhibited very efficient xylose-fermenting capability 
at 40 g/l xylose, delayed xylose consumption was observed in the later part of fermentation when 
80 g/l xylose was used (Fig. 4.9a).  During fermenting 80 g/l xylose, the SR7e3 strain 
accumulated acetate, resulting in a gradual decrease of medium pH from 6.1 to 4.9 during 24 
hours.  Considering that the pKa value of acetic acid is 4.8, the pH drop of the medium might 
have increased the undissociated form of acetic acid, which can freely diffuse across cell 
membranes and cause cellular toxicity.  In a buffered medium at pH 6.0, however, the xylose 
fermentation by SR7e3 was successfully completed while accumulating the same amount of 
acetic acid as before (Fig. 4.9b).  This was evidence that a decreased medium pH near the pKa 
value of acetic acid might inhibit the xylose metabolism. 
As an alternative solution, acetic acid accumulation can be prevented by knocking out 
ALD6, a major gene coding for acetaldehyde dehydrogenase, as proposed previously (Eglinton et 
al., 2002; Karhumaa et al., 2009; Lee et al., 2011; Sonderegger et al., 2004; Wahlbom et al., 
2007).  After partial deletion of ALD6 in SR7e3 (SR8), acetic acid was not detected during 80 g/l 
xylose fermentation, and the medium pH was maintained above 5 throughout the fermentation 
(Fig. 4.9c).  As a result, the SR8 strain was able to ferment xylose as efficiently as when using a 
buffered medium (Fig. 4.9b).  Any changes in the lag time by the ALD6 knockout were not 





We tested the advantage of the ALD6 knockout by comparing fermentation profiles by 
the SR7e3 and SR8 (SR7e3 ΔALD6) strains under various sugar conditions (Table 4.2).  While 
acetate accumulation by the SR7e3 strain varied under different conditions, the SR8 strain did 
not accumulate acetate under all conditions tested in this study.  Other than the acetate 
accumulation, any significant difference between the SR7e3 and SR8 strains was not observed 
when fermenting 40 g/l xylose.  However, in all higher sugar concentrations, the SR8 strain 
showed higher growth rates, volumetric xylose consumption rates, and volumetric ethanol 
productivities than the SR7e3 strain.  Moreover, during fermentation of 20 g/l glucose and 80 g/l 
xylose, the SR8 strain yielded an 8% higher specific xylose consumption rate (0.83 g/h/g cells) 
than the SR7e3 strain (0.77 g/h/g cells).  The elimination of acetic acid accumulation by the 
ALD6 knockout did not change the ethanol yield but slightly increased the biomass, xylitol, and 
glycerol yields, regardless of the sugar conditions. 
 
4.3.10 S. cerevisiae SR8 ferments extremely high concentrations of xylose 
Using the most optimized xylose-fermenting strain in this study, SR8, we examined the 
maximum xylose and ethanol concentrations that the cells can tolerate (Fig. 4.10). When cultured 
under oxygen-limited conditions in YP medium, SR8 fermented 100 and 200 g/l of xylose and 
produced 35 and 63 g/l of ethanol (0.34-0.35 g/g xylose), respectively. At 300 g/l of xylose, 
however, SR8 showed an extremely long lag time for 10 days, and then fermented only 80 g/l of 
xylose very slowly. These results suggested that the engineered S. cerevisiae SR8 strain was 
capable of tolerating 63 g/l of ethanol produced from 200 g/l of xylose, but 300 g/l of xylose 






4.3.11 Simultaneous saccharification and fermentation of corn stover hydrolyzate by S. 
cerevisiae SR8 
Cellulosic biomass hydrolyzates contain numerous inhibitory compounds such as weak 
acids, phenolic compounds, furfural, and hydroxymethylfurfural which inhibit cellular 
metabolism (Almeida et al., 2011). We tested if the SR8 strain could ferment the acid 
hydrolyzate of corn stover, an example of cellulosic biomass, in the presence of the fermentation 
inhibitors without adding any nitrogen sources. A liquid fraction of the hydrolyzate contained 
mainly xylose, as shown in Fig. 4.11a.  The SR8 strain was able to grow and produce ethanol 
using the xylose contained in the hydrolyzate. We also tested if the SR8 strain could tolerate the 
total hydrolyzate containing lignin and insoluble sugar polymers like cellulose (approximately 
4%, w/v; calculated based on (McMillan et al., 2011)) during simultaneous saccharification and 
fermentation (SSF).  The SR8 strain showed improved xylose fermentation and ethanol 
production from the total hydrolyzate since glucose released from the cellulose was used as 
another carbon source. The glucose concentration was maintained low by the slow hydrolysis, 
which resulted in the simultaneous consumption of glucose and xylose. The oxygen-limited 
conditions allowed assimilation of acetic acid slowly but simultaneously with the sugar 
metabolisms. These results demonstrated the feasibility of cellulosic ethanol production by 
engineered S. cerevisiae.  
 
4.4 Discussion 
It has been hypothesized that slow xylose assimilation by engineered S. cerevisiae 
expressing a xylose-assimilating pathway is because of a lack of xylose-specific transporters 





GAL2 and HXT7 (Hamacher et al., 2002; Saloheimo et al., 2007; Sedlak and Ho, 2004; Young et 
al., 2011).  Because the expression of those transporters is repressed by glucose, xylose transport 
is completely inhibited by the presence of glucose (Ho et al., 1998). Moreover, the non-specific 
transport might be a reason why xylose consumption rate is delayed at the end of fermentation 
when its concentration is low (Ho et al., 1998; Jojima et al., 2010). Based on our results, the 
strong expression of NAD(P)H-specific XR (XYL1), the first enzyme catalyzing the xylose-
assimilating pathway, overcomes the inefficient xylose transport system in S. cerevisiae under 
certain conditions. Providing oxygen or glucose improved the xylose consumption rates of the 
strains expressing high levels of XR (Fig. 4.1 and Fig. 4.3b). This suggests that the ATP 
production and/or cofactor regeneration is limiting the rate of xylose metabolism determined by 
the activity of XR.  Therefore, xylose transport might not be a limiting factor at the rate of xylose 
assimilation that we tested in this study. 
As the second enzyme of the xylose-assimilating pathway, XDH (XYL2), requires NAD
+
, 
the unbalanced cofactor requirements between XR and XDH has received huge attention as a 
limiting factor of xylose fermentation (Krahulec et al., 2012).  It has been hypothesized that the 
cofactor imbalance hampered xylose metabolism by engineered S. cerevisiae, resulting in xylitol 
accumulation and slow xylose assimilation (Krahulec et al., 2012).  Thus, many studies 
attempted to alter the cofactor specificity of either XR or XDH enzyme to balance their cofactor 
requirements (Bengtsson et al., 2009; Jeppsson et al., 2006; Krahulec et al., 2010; Lee et al., 
2011; Petschacher and Nidetzky, 2008; Runquist et al., 2010; Watanabe et al., 2007a; Watanabe 
et al., 2007b).  Other studies also tried to develop a pathway that helps the regeneration of the 
cofactors by overexpressing NADP
+
-dependent glyceraldehyde-3-phosphate dehydrogenase 





forming NADH oxidase (Zhang et al., 2012).  Although these studies were successful in 
deceasing xylitol yields, the improvements were not directly correlated with ethanol yields 
(Krahulec et al., 2012).  This suggested that the cofactor imbalance might not be the major 
reason of inefficient xylose fermentation. 
Contrary to the redox imbalance theory, our results indicated that xylose fermentation 
profiles could be changed through modulating expression levels of XYL1, XYL2, and XYL3 
without alternating their cofactor preference.  We found that if the relative expression level of 
XYL2 to XYL1 is high, the xylitol accumulation was minimized. This result is also consistent 
with our previous finding that the high expression levels of XYL2 reduced xylitol accumulation 
in two different strain backgrounds (Kim et al., 2012). Combined with the PHO13 deletion, the 
high expression level of XYL1 improves xylose assimilation rate.  The reduced xylitol yield and 
faster xylose assimilation from the optimization of expression levels of XYL1 and XYL2 enable 
higher ethanol production by allowing more flux to the pathway and by generating more ATP. 
When the expression levels of XYL1 and XYL2 are balanced, which accumulates the least amount 
of xylitol and the highest amount of ATP, high expression level of XYL3 improves ethanol 
production by accelerating the pentose phosphate pathway (manuscript in preparation). 
In conclusion, optimization of the expression levels of XYL1, XYL2, and XYL3, and 
deletion of PHO13 and ALD6 enabled efficient xylose fermentation, which allowed 
cofermentation of various glucose and xylose mixtures, fermentation of high concentrations of 






4.5 Figures and Tables 
 
 
Fig. 4.1  Effect of xylose reductase (XR) activity on the specific xylose consumption rates of 
various S. cerevisiae D452-2 strains (D10) expressing different copy numbers of XYL1 derived 








Fig. 4.2  NADPH-specific xylose reductase (XR) acitivity and NAD-specific xylitol 
dehydrogeanse (XDH) activity of three xylose-assimilating strains expressing different copy 
numbers of XYL1, XYL2, and XYL3. D452-2, wild type S. cerevisiae; DX123, D452-2 expressing 
one copy of XYL1, XYL2, and XYL3; SR6, D452-2 expressing multiple copies of XYL1 and one 
copy of XYL2 and XYL3; SR7, expressing multiple copies of XYL1 and two copies of XYL2 and 









Fig. 4.3  Fermentation profiles of three xylose-assimilating strains in YP media containing 40 g/l 
xylose (a) and a mixture of 70 g/l glucose and 40 g/l xylose (b). DX123, D452-2 expressing one 
copy of XYL1, XYL2, and XYL3; SR6, D452-2 expressing multiple copies of XYL1 and one copy 
of XYL2 and XYL3; SR7, expressing multiple copies of XYL1 and two copies of XYL2 and XYL3. 
All genes are genome-integrated. All fermentations were performed under an oxygen-limited 









Fig. 4.4  Effect of xylose concentration on the specific growth rates of engineered S. cerevisiae 









Fig. 4.5  Changes in the growth rate and ethanol yield during serial subcultures of engineered S. 
cerevisiae SR7 expressing a xylose assimilation pathway (XYL1, XYL2, and XYL3) in 40 g/l 
xylose (YPX40) (a). The xylose fermentation capability of three single colonies (SR7e1, SR7e2, 
and SR7e3), isolated from the last subculture, were evaluated in YPX40 as compared to the wild 
type SR7 (b and c). All serial subcultures and fermentations were performed under an oxygen-
limited condition (100 rpm). An initial cell density for serial subcultures or fermentations was 









Fig. 4.6  Comparison of wild type SR7 (a), SR7e3 (b), and SR7 pho13Δ (c) when fermenting 40 










Fig. 4.7  Effect of the PHO13 deletion on xylose fermentation parameters by the three different 
xylose-assimilating strains (a-d) and growth patterns of SR7 in various xylose concentrations (e 
and f): a, xylose consumption rate (g/h); b, specific xylose consumption rate (g/h/g cells); c, 
xylitol yield (g/g xylose); d, ethanol yield (g/g xylose); e, cell growth of SR7; f, cell growth of 









Fig. 4.8  In vitro phosphatase activity of crude cell extracts from SR7 control (pRS423), SR7 
pho13Δ, and PHO13-overexpressing SR7 (SR7 pRS423-PHO13) on p-nitrophenyl phosphate (p-









Fig. 4.9  Fermentation profiles and pH changes of SR7e3 (a), SR7e3 with pH control (b), and 
SR7e3 ΔALD6 (SR8, c) when fermenting 80 g/l xylose (YPX80) under an oxygen-limited 









Fig. 4.10  Effect of xylose concentrations on the fermentation capability of SR8. Fermentations 
were performed under oxygen-limited conditions in YP medium containing 100 (a), 200 (b), and 









Fig. 4.11  Fermentation of corn stover hydrolyzate (40 %, w/v) by SR8. Liquid fraction (a) was 
purified by centrifugation and filtration. The total hydrolyzate (b) was supplemented by 2 % 
cellulose and 0.4% cellobiase. The pH of hydrolyzate solutions was adjusted to 6.0 by NaOH. 








Table 4.1  Plasmids and strains used in this study 
 Characteristics References 
Plasmids   




pSR3-X23 pRS403 PGK1P−XYL2−PGK1T TDH3P−XYL3−TDH3T This study 
pSR6-X123 
pRS306 TDH3P−XYL1−TDH3T PGK1P−XYL2−PGK1T 
TDH3P−XYL3−TDH3T  
(Kim et al., 
2012) 
pRS423-PHO13  This study 
pAUR_d_ALD6 pAUR101 containing the truncated ALD6 gene 
(Lee et al., 
2011) 
S. cerevisiae   
D452-2 MATα leu2 ura3 his3 
(Hosaka et 
al., 1992) 
D10 D452-2 leu2::LEU2 pYS10 This study 
DX123 D452-2 ura3::URA3 pSR6-X123 
(Kim et al., 
2012) 
SR6 D10-6 ura3::URA3 pSR6-X123 This study 
SR7 SR6 his1::HIS1 pSR3-X23 This study 
SR7e Evolved strains of SR7 (SR7e1, SR7e2, and SR7e3) This study 
SR7 control SR7 pRS423 This study 
SR7 ΔPHO13 SR7 pho13Δ::KanMX4 This study 
SR7 pRS423-PHO13  This study 








Table 4.2  SNPs identified in the three evolved SR7 strains as compared with the wild type SR7 
Non-synonymous SNPs in CDS SR7e1 SR7e2 SR7e3 
PHO13 Gly166Arg Gly166Arg Gly253Asp 
TUB2 Ala110Ser Ala110Ser  
GLG1   Phe364Leu 




Total SNPs in CDS 6 12 10 
Intergenic SNPs 7 9 4 
Other SNPs* 1 2 4 
Total SNPs 14 23 18 






Table 4.3  Fermentation profiles of SR7e3 and SR8 (SR7e3 ald6Δ) in various sugar conditions 
  40 g/l xylose (at 24 h)
1)
  80 g/l xylose (at 36 h)  70 g/l glucose and 
 40 g/l xylose (at 36 h) 
 20 g/l glucose and  
80 g/l xylose (at 30 h) 
  SR7e3 SR8  SR7e3 SR8  SR7e3 SR8  SR7e3 SR8 
Acetate (g/l)  0.38  0.07 0.00  0.00  0.99  0.08 0.00  0.00  1.31  0.10 0.00  0.00  1.36  0.15 0.00  0.00 
pH
2)
     4.60  0.01 5.41  0.01     4.69  0.13 5.74  0.01 
rBiomass  0.43  0.06 0.37  0.05  0.42  0.04 0.59  0.08  0.64  0.07 0.79  0.09  0.39  0.01 0.73  0.01 
rXylose  1.34  0.07 1.30  0.02  1.75  0.12 2.10  0.03  1.65  0.14 1.86  0.04  1.69  0.03 2.54  0.11 
rXylose*  0.72  0.08 0.80  0.10  0.74  0.03 0.74  0.06  0.53  0.01 0.55  0.08  0.77  0.02 0.83  0.02 
YEthanol  0.31  0.04 0.31  0.05  0.37  0.03 0.37  0.00  0.39  0.01 0.39  0.00  0.39  0.01 0.39  0.01 
PEthanol  0.43  0.14 0.44  0.13  0.65  0.10 0.79  0.01  1.82  0.09 1.96  0.05  0.92  0.03 1.25  0.02 
1)
 When more than 90% of xylose was consumed at each condition. 
2)
 Initial pH of media was 6.6. 
Parameters: rBiomass, growth rate (g cells/l/h); rXylose, xylose consumption rate (g/l/h); rXylose*, specific xylose consumption rate (g/h/g 
cells); YEthanol, ethanol yield (g/g sugars); PEthanol, volumetric ethanol productivity (g/l/h). Initial cell density was 0.3 g/l, and all 
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This thesis study focused on 1) the elucidation of metabolic bottlenecks in xylose 
metabolism by engineered Saccharomyces cerevisiae, and 2) the determination of necessary 
genetic perturbations for developing an efficient xylose-fermenting strain.  Throughout the three 
research chapters in this thesis, I optimized a heterologous xylose-assmilating pathway in S. 
cerevisiae through modulating expression levels of the genes and identified important gene 
disruption targets for efficient xylose fermentation under various conditions.  The findings from 
each chapter are summarized below: 
First, I performed a genome library screening using an inefficient xylose-fermenting S. 
cerevisiae YSX3 strain expressing XYL1/XYL2/XYL3 to identify the limiting factors in the xylose 
metabolism.  XYL2 was found as an overexpression target for improving the ethanol yield, 
suggesting that the xylose-assimilating pathway in the YSX3 strain was not optimized.  Using 
two different promoters for the XYL2 expression, it was found that a high expression level of 
XYL2 decreased the xylitol yield and increased the ethanol yield.  These results suggested that 
insufficient expression of XYL2 might be responsible for xylitol accumulation by engineered 
strains assimilating xylose. 
To explain the discrepancy between my conclusion mentioned above and others’ 
hypotheses that cofactor imbalance might cause the xylitol accumulation, I designed the second 
study comparing two different xylose reductases, NAD(P)H-specific XYL1 and NADPH-specific 
GRE3.  When coexpressed with NAD
+
-specific XYL2, a strain expressing GRE3 would have a 
higher demand for cofactor regeneration than a strain expressing XYL1.  However, both of the 







fermentation when the XYL2 expression level was high.  Moreover, the GRE3/XYL2 strain had a 
higher ethanol yield and productivity than the XYL1/XYL2 strain.  These results suggested that 
xylitol accumulation was mainly due to an unoptimized expression level of XYL2, not by the 
unbalanced cofactor requirement of XYL1/XYL2. 
Motivated by the above findings regarding the importance of XYL2, the xylose-
assimilating pathway consisting of XYL1/XYL2/XYL3 was further optimized in the third part of 
my thesis study.  I found that a high expression of XYL1 improved the xylose uptake rate when 
fermenting a mixture of glucose and xylose.  By optimizing the relative expression of 
XYL2/XYL3 at a high level in a strain with a strong expression of XYL1, xylitol was not 
accumulated during the fast xylose uptake.  The strain with the optimized pathway, however, 
showed a long lag time when growing on pure xylose.  During repeated-subcultures of the strain 
in xylose (evolutionary engineering), three evolved strains exhibiting improved xylose-
fermenting capability as well as a shorter lag time were isolated.  Through genome resequencing 
of the evolved strains followed by a targeted analysis, the PHO13 gene was found as a deletion 
target to improve the xylose uptake rate and ethanol yield of S. cerevisiae strains expressing 
XYL1/XYL2/XYL3.  The phosphatase activity of Pho13p on xylulose-5-phosphate with 
xylulokinase resulting in a futile cycle was identified as a putative mechanism hindering xylose 
metabolism.  Lastly, the acetate accumulation by Ald6p was found as another factor limiting 
xylose metabolism under high concentration of sugars.  In conclusion, the optimized xylose-
assimilating pathway and the deletion of PHO13 and ALD6 provided a set of powerful genetic 








5.2 Future research directions 
Through this thesis study, I observed two unique cellular responses of S. cerevisiae 
during xylose metabolism.  Here I describe them for future studies: 
First, I found that the NADPH-specific XR (GRE3) mediated faster xylose assimilation 
than the NAD(P)H-specific XR (XYL1) (CHAPTER III).  Moreover, the NADPH-specific XR 
resulted in a higher ethanol yield than the NADH-specific XR, although the NADPH 
regeneration through the oxidative pentose phosphate pathway caused a carbon loss.  These 
results implied that the oxidative regeneration of NAD
+
 for XDH might have metabolic 
advantages for xylose fermentation.  By providing an external means of NAD
+
 regeneration, the 
novel xylose-assimilating pathway GRE3/XYL2/XYL3 might be able to ferment xylose efficiently 
under anaerobic conditions.   
Second, I discovered a phosphatase activity of Pho13p on xylulose-5-phosphate, which 
was detrimental to xylose metabolism (CHAPTER IV).  The biological importance of Pho13p, 
however, is unknown.  I propose the following experiments for better understanding of the 
mechanism:  
1) Determine the effect of Pho13p on intracellular metabolites.  A higher accumulation of 
xylulose-5-phosphate is expected in a PHO13Δ mutant than the wild type; which would clarify 
the toxicity of PHO13 in xylose metabolism. 
2) Test for phosphatase activity of Pho13p on other sugar phosphates.  It might have a 







3) Observe changes in expression levels of PHO13 under different conditions.  Pho13p 
might respond to specific conditions where sugar phosphates accumulate abnormally due to 
inefficient sugar metabolism. 
5.3 Concluding remarks 
The efficient xylose-fermenting S. cerevisiae developed in this study serves not only as a 
biocatalyst for producing cellulosic ethanol but also a host strain to develop three phenotypes of 
industrial interest that require efficient xylose metabolism.  First, efficient xylose metabolism 
enables the complete utilization of mixed sugars (mainly glucose and xylose) derived from 
cellulosic biomass hydrolyzates, which is essential for economic viability of cellulosic 
bioconversion processes.  Furthermore, the production of other fuels and chemicals from xylose 
will be easily accomplished by redirecting a carbon flux from ethanol to other biosynthetic 
pathways.  Lastly, efficient xylose metabolism will synergistically improve resistance to 
fermentation inhibitors contained in cellulosic biomass hydrolyzates.  The metabolic engineering 
approaches successfully applied in this study will also assist us in achieving these new goals for 
the bioconversion of cellulosic biomass. 
